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Abstract

Compact Objects (Neutron Stars) form in the last moments of a star’s life, during
the violent events known as supernovae. As the star’s core fusion falters, matter
undergoes a dramatic gravitational compression resulting in internal densities rivaling
subatomic particles. Ever since their discovery in the mid-twentieth century, these
highly magnetized and rapidly rotating balls of condensed matter have provided a
bountiful playground for astronomers seeking out exotic physics.
Neutron Stars that emit electromagnetic radiation are seen by observers as Pulsars, named such for the pulse of intensity as the pulsar’s radiation beam passes into
our line of sight. These beams are comprised of two unique regions with differing
phenomenology; core emission that arises close to the pulsar polar cap and centered
within the radiation beam, and higher altitude conal emission that lies along the
beam’s periphery. While pulsars can and do emit over a wide frequency range, most
known pulsars are seen as radio sources, at sensitivities where studies of the pulsar
single-pulses allows us to probe the rich details of the plasma-filled pulsar magnetosphere. Even then, the radio emission often has a steep spectra, restricting the
frequencies in which radio telescopes can study pulsars.
We have utilized the unmatched sensitivity of Arecibo Observatory to conduct
a multi-frequency single-pulse survey, between 327 MHz and the novel 4.5 GHz, of
Arecibo’s brightest high-frequency pulsars. The broad frequency range and singlepulse resolutions have allowed us to set accurate beam classifications for these nearly
two dozen pulsars while extending constraints on important population trends to
higher frequencies.
Several of the pulsars in our survey exhibit deviant behavior, and are thus useful
as followup case studies to further our understanding of pulsar radio emission. One
of the most interesting cases involves pulsar B0823+26, where we find evidence for
an age-dependent death-line separating core and conal dominated pulsars, suggesting
that the plasma generating capabilities of a pulsar changes as they age.
For the other three, they fall in the “Partial Cone” class; a type of pulsar that is
characterized by strong relativistic alterations to emission. We find that all three of
these pulsars show evidence of core emission.
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List of Common Terms/Definitions
• Aberration/Retardation (A/R): Delay effects that manifest in the pulsar
profiles as a shift of emission components to earlier phases. Caused by the path
difference between an observer and the emission region.
• Aligned Rotator: A geometry where the magnetic axis is nearly aligned with
the spin axis.
• Average Profile/Integrated Profile: The integrated pulse stack. Shows the
concentration of intensity though the line of sight.
• Band: A range of frequencies.
• Beamlet: A column of plasma formed by the discharging sparks in the pulsar
polar gap region.
• Channel: The resolution within a band.
• Carousel: A circle of sparks/beamlets that rotate around the core beam and
form the conal emission. The rotation of this carousel is believed to cause the
drifting subpulse phenomenon.
• Classification: The type of pulsar profile based on beam structure and frequency evolution.
– St (Core Single): Dominated by a core component, may or may not have
an inner/outer cone pair.
– Sd (Conal Single): Single component, with a bifurcation into two components at low frequencies.
– D (Double): Two highly separated components bridged with weak emission. Often times weak core emission falls in the bridging region.
– T (Triple): Three component profile. The center component is usually a
core component.
– M (Multiple): Any profile that exhibits five or more components. Usually a core component flanked by inner and outer conal pairs.
• Compact Object: Objects that are composed of highly condensed matter.
Examples of compact objects include black holes, neutron stars, and white
dwarfs.
vii

• Conal Beam: The first of two emission regions pulsars possess. Believed to
originate at higher emission heights than the polar gap. Surrounds the core
region in a beam-like configuration.
• Core Beam: The second of two emission regions pulsars possess. Believed to
originate deep in the pulsar magnetosphere near the polar gap region. Occupies
the very center of the pulsar beam.
• Dispersion: The frequency-dependent delay caused by a medium on electromagnetic radiation.
• Drift: The directional shift a sub-pulse undergoes in time. Is a property of
conal emission. Believed to be caused by a carousel of sparks/beamlets rotating
around core emission as caused by E x B drift.
• Driftbands: One driftband is the time it takes for a sub-pulse to drift fully
across the component window before disappearing. Each drift band is believed
to represent a single spark/beamlet passing along our line of sight.
• Emission Components: Windowed regions that correspond to the core/cone
regions. The component essentially follows a Gaussian-like distribution, with
the center of the component being the center of an emission region. Since the
core emission is centered in the pulsar beam, the rest of the profile is typically
comprised of conal emmission.
• Emission Height: Height at which radio emission is produced (unless another
frequency is specified).
• Faraday Rotation: An effect of magnetized plasma on traversing electromagnetic waves causing a rotation of the polarized position angle of the electromagnetic wave.
• Gap: The region of the pulsar where sparks/pair production occur.
• Giant Pulses: Bright intensity bursts that exceed the profile integrated intensity by at least a factor of 10.
• Harmonic Resolved Fluctuation Spectra (HRF): A type of Fourier Transform. Computed by transforming the full unstacked time series, and forming a
stack of the harmonics.
• Inclined Rotator: A geometry where the magnetic axis is nearly orthogonal
with the spin axis.

viii

• Interpulse (IP): A secondary emission region more than a quarter period
away from the MP. Can be the opposite pulsar polar region (if magnetic axis
orthogonal to the spin axis), or the same pole (if magnetic axis is aligned to
the spin axis). The two situations are known as a one-pole interpulse (Aligned
rotator) or two-pole interpulse (Inclined Rotator).
• Intermittent Pulsar: An extreme mode changing pulsar that turns off emission for long time scales before returning to its previous stable emission signature.
• Interstellar Medium (ISM): The region of gas, dust, and plasma that occupies the space between stars.
• Light Cylinder: The transitory region where the plasma produced by the
pulsar polar gap stops moving along magnetic field lines and forms the pulsar
wind jet.
• Line of Sight: How we see the pulsar emission region. Depends on the magnetic axis inclination angle α and the beam impact angle β.
• Longitude Resolved Fluctuation Spectra (LRFS): A type of Fourier
Transform. Computed by transforming a single phase vs pulses.
• Longitude Synonymous with rotational phase. Redefines a rotation as equal
to 360◦ .
• Magnetar: A sub-species of neutron stars that possess extremely strong magnetic fields.
• Magnetosphere: The region of magnetic fields surrounding an object.
• Main pulse (MP): The emission region with the brightest intensity.
• Milli-second Pulsar (MSP): A pulsar sped up by accretion to millisecond
rotation periods.
• Mode Change: A sudden and rapid change of the pulsar’s baseline emission.
This can range from a complete shut off of the pulsar emission (Intermittent
pulsars) to increased activity in profile components for a significant duration.
• Modulation Fold (Modfold): Integration or averaging of a periodic signal.

ix

• Neutron star: The condensed stellar remnants left over from supernovae. The
gravitational collapse is restrained by Neutron Degeneracy pressure, forming an
object possessing sub-atomic densities. In addition, its condensed nature affords
it powerful magnetic and gravitational fields.
• Nulls: A single-pulse that has absent or extremely weak emission.
• Off-pulse: The region exterior to the MP, IP, and PC.
• Orthogonal Polarization Mode (OPM): Emission that comes polarized
orthogonally to its median angle.
• Partial Cone: A conal profile with a missing leading or trailing region.
• Plasma: The fourth state of matter; an ionized gas consisting of free charges.
Pulsars are surrounded by an electron-positron plasma.
• Polarization: The plane of orientation an electromagnetic wave oscillates in.
• Polarized Position Angle (PPA): The angle of linear polarization in an
electromagnetic wave.
• Polarized Position Angle Track (PPA track): Polarized position angle as
a function of rotational phase for a pulsar.
• Postcursor (PC): An emission region of uncertain origin adjacent to the MP.
• Pulsar: Neutron stars that are visible via the electromagnetic radiation they
produce.
• Pulse Stack: A 2D representation of pulsar emission as a function of rotation
phase and pulse number.
• Radius to Frequency Mapping (RFM): The suggestion that pulsar high
frequency emission arises at lower emission heights.
• Radio Frequency Interference (RFI): Stray emission not from the pulsar.
Usually caused by stray earthly communication signals.
• Rotating Radio Transients (RRATS): A type of radio pulsar characterized
by its sporadic single-pulses.
• Receiver: An instrument that reacts to electromagnetic waves by producing
voltages. Designed to be sensitive to a selected frequency band.

x

• Single Pulse: The flash of emission seen over one rotation period. Single
pulses can also be used interchangeably with pulse stack.
• Spark: Discharge of electron-positron pairs via the splitting of stray photons
(pair creation).
• Spectra: The electromagnetic flux of a pulsar as a function of frequency.
• Spectrometer: An instrument that digitally samples analog voltages and identifies their frequency structure.
• Steepest Gradient: The steepest part of the PPA track.
• Stokes Parameters: Four parameters that fully describe an electromagnetic
wave. I (Intensity), Q & U (types of linear polarization), V (Circular polarization).
• Subpulses: Size of a distinct feature in a component’s window.
• Wind Jet: An outflowing stream of plasma into the space surrounding the
neutron star. Fed by plasma produced in the pulsar polar gap.
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Chapter 1
Introduction
The first radio pulsar B1919+21 was discovered in 1967 at the Interplanetary Scintillation Array by Jocelyn Bell [29]. The discovery upended the astronomical community
and ignited a fiery debate over the signal’s source. Within two years, a large body of
evidence suggested the source as a neutron star, a highly magnetized rapidly rotating
compact object.

1.1

Theory of Pulsar Radio Emission

The existence of neutron stars was first postulated by Walter Baade & Fritz Zwicky [2].
At the time, astronomers remained doubtful that these objects could be detected by
instrumental devices, let alone of their actual existence. Pacini [60] was the first
to suggest that a highly magnetized neutron star whose spin and magnetic axes
were misaligned undergoes a slow conversion of rotational energy into low frequency
magnetic dipole radiation. In a newly formed neutron star, this radiation would be
absorbed by the surrounding stellar remnant, lighting up and driving expansion.

1

In 1968, a radio pulsar was discovered at the very center of the Crab Nebula [92].
This Crab pulsar proved to be the crucial link between neutron stars and pulsars, as
the accelerated expansion of the Crab Nebula matched Pacini’s prediction. Yet it did
not explain the origin of pulsar radio emission.
Thomas Gold [18] suggested that plasma co-rotating with a neutron star magnetosphere could explain the pulsar’s lighthouse-like pulse of intensity, yet he was
unable to justify the source and sustainment of such a plasma. It was eventually
noted by Goldreich & Julian [19] that a rapidly rotating highly magnetized object
produces extremely strong quadrapolar electric fields above the neutron star polar
and equatorial regions. Since a neutron star is a star’s remnant, it should hold an
overwhelming abundance of charged particles. They theorized the combination of
highly abundant charges and strong electric fields create charge flows through the
local magnetosphere. As the charges accelerate along curved magnetic field lines,
they would curvature radiate electromagnetic emission. Ruderman & Sutherland [86]
built further on this idea and pointed out that for the metallic elements (particularly
iron and its isotopes, an element with a heavy abundance in neutron stars), protons
have a large binding energy. Only tremendous electric fields and temperatures can
free these particles. An electrically unshielded polar gap could conceivably achieve
this, but long before this limit, photons wondering into the region immediately above
the pulsar polar cap will decompose into positions and electrons via pair creation.
The positrons move out along a funnel of curved magnetic field lines, first producing radio emission and then continue on. At some point, they reach the light
cylinder, the region where charges cease to flow along the magnetic field lines due
to the velocity constraint of c. The plasma then forms a pulsar wind jet, a fast and
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turbulent outflow of plasma jetted out into the surrounding interstellar space. A secondary flow of electrons rushes downward towards the polar cap. As electrons crash
onto the star’s surface, the accelerated electrons spawn further photons, resulting in
intense firecracker-like sparks of charge production between the star’s surface and
the generation region. Essentially, sparks of plasma are produced at the polar gap,
flowing up along the field lines in beamlets, while the surface produces hot thermal
X-ray emission as electrons bombard a surface where temperatures peg in at millions
of Kelvin.
A through review of pulsar emission models and gap physics has been written
by Alice Harding [21], and I direct the reader to her article for a comprehensive
treatment of the subject. While the idea that pulsars self-generate plasma is clear,
the specifics of plasma generation, radiation, and internal plasma properties are less
known. Suffice it to say, I as a phenomenologist, probe the electromagnetic radiation
as a ways to further our understanding of these processes.

1.2

Experimental Measurements

Pulsar radio emission travels a far way to reach us. Along the way, emission passes
through a mixture of gas, dust, and plasma known as the interstellar medium (ISM).
As the electromagnetic waves traverse the space between stars, the diffuse and turbulent ISM plasma will interact and modify the emission we see. The most important
effects to account for are Dispersion and Faraday rotation. Both can be measured
and corrected, but before we do so, it would be prudent to review electromagnetic
waves and their experimental detection.

3

1.2.1

Electromagnetic Waves

The properties of an electromagnetic wave can be fully described by the combination of four parameters known as the Stokes parameters. The four parameters are;
I (intensity), Q & U (the two types of measurable linear polarization), and V (circular polarization). Linear polarization can be thought of as the orientation plane
of the electromagnetic wave during its propagation, but we must remember that we
are seeing the electromagnetic wave mapped into these four parameters. Thus polarization as a measured quantity is defined differently. Taking a Cartesian coordinate
system, Q can be thought of as the ‘on-axis’ polarization where +Q/–Q lies on the
vertical/horizontal axis. Let us imagine a wave that is polarized in all directions (a
superposition of many different waves); experimentally we would see no polarization.
Polarization as a measurable must be a net quantity.
Let us imagine another situation; one in which a wave is polarized 45◦ off the
horizontal. In this case, the Q polarization would be 0 as well, as the magnitude of
both the vertical and horizontal components are equal. Clearly, a second parameter is
necessary to describe all possible orientations of polarization. We define the parameter
U , a secondary axis rotated by 45◦ with respect to the original Q axis. As defined,
the U parameter would be fully polarized exactly when Q is 0. Polarization alternates
only between Q and U . We can then define a ‘polarization’ space, where Q and U lie
orthogonal. For this coordinate system, the total polarization of any electromagnetic
wave would simply be

L=

q

Q2 + U 2

4

(1.1)

Another parameter we will find useful is the polarized position angle (PPA) χ,
which is the orientation of Q with respect to U . From the polarization space, we find
that the PPA can be described purely in terms of Q and U ,

2χ = tan−1 (U/Q)

(1.2)

The factor of 2 comes from the fact that when Q and U are orthogonal in the polarization space, they are only offset 45◦ in the original reference frame. Polarization is
a very important property of pulsar emission as we will come to see.
In practice, the detection of electromagnetic waves are more complex. A radio
telescope is designed much like a simple optical telescope. It has a large dish built to
direct light unto a singular focus, at which an instrument called a receiver interacts
with the electromagnetic wave to produce analog voltages. These signals are passed
through a network of fibre optics where they eventually reach a spectrometer where
the voltages are digitally sampled, allowing us to mostly recreate the original electromagnetic wave in the form of a time-series. Receivers are built to be sensitive to
specific frequency bands, while spectrometers allow variable temporal and spectral
resolution. Each band can be broken up into a number of sub-bands (or channels).
See Fundamentals of Radio Astronomy [41] for more information.

1.2.2

Dispersion

Electromagnetic waves traveling through a medium will undergo frequency dependent
time-delays called dispersion. This has the effect of smearing out and delaying radio
emission over a wide frequency range. For a diffuse plasma such as the ISM, the delay
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typically has the following dependence
e2
td =
2πme c

Rd
0

ne dl
ν2

(1.3)

where ne and me are the electron density number in cm−3 and electron mass, v is
the wave’s frequency, c the speed of light, and e the electric charge. The dispersion
measure DM is

DM =

Z d
0

ne dl

(1.4)

which has units of pc/cm3 (recall 1 parsec ≈ 3 x 1016 m) and represents the area
density of electrons between an observer and the emission source.
Knowing the DM for a pulsar allows us to separate out dispersive delays from
inherent radio emission delays.

1.2.3

Faraday Rotation

In addition to dispersion, we must also account for the interstellar Faraday rotation
caused by the galactic magnetic field. Faraday rotation occurs when a linearly polarized electromagnetic waves passes through a magnetized medium. This has the effect
of rotating the angle of polarization. For the ISM,
RM c2
∆χ =
ν2
where χ is the PPA, and RM is the rotation measure defined as
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(1.5)

Z d
e3 Z d
RM =
ne B · dl = 0.810
ne B · dl
2πm2e c4 0
0

(1.6)

where B is the component of the magnetic field in µG along the our line of sight.
From the sub-bands sampled by the spectrometers, we can find the PA offset over
a frequency range and fit for a RM. We can then subsequently ‘derotate’ the Faraday
rotation out of our PPAs by correcting to an infinite frequency where the PA offset
approaches zero.

1.3

Pulsar Phenomenology

Today over 2000 pulsars are known to exist, emitting at a myriad of frequencies.
Some of these pulsars have wildly different characteristics and properties, but they
are joined by their collective compact object identity. A pulsar is characterized by
the precision of its pulsations due in part to the lack of substantial frictional forces
on rotation in space. It does not mean that their are no overall frictional forces. As
previously mentioned, the low frequency magnetic dipole radiation, caused from the
misalignment of spin and magnetic axes will emit a braking torque on the pulsar and
cause a spin down (period derivative) of rotation.
As pulsars age, they will have longer periods and smaller spin-downs assuming no
external stimuli are applied. Figure 1.1 shows an example of a Period (P) vs Period
derivative (Ṗ ) plot. This serves as a wonderful road map to the known types of
pulsars. While normal rotation powered pulsars occupy the central region and evolve
to the down right, there are several other types of pulsar class that exist.
• Milli-second Pulsars (MSPs): Named for their milli-second rotation periods
7

Figure 1.1: Pulsar population plot. Period (P) vs Period Derivative (Ṗ )

8

and positive period derivative, these pulsars often reside in binary or higher
order star systems, where accretion between the neutron star and its companions
can occur. They can be found in the lower left of Figure 1.1. As the hot
material falls onto the neutron star, the conservation of angular momentum
leads to an increase in the star’s angular velocity spinning the pulsar up to
incredible speeds. These star systems typically see multiple compact objects
in close proximity, allowing astronomers to set strong constraints on general
relativity and fundamental constants of nature.
• Magnetars: Neutron stars that are characterized by their X-ray emission and
extremely powerful magnetic fields. A very few have shown to be intermittently
radio active. These pulsars fall far and high to the upper right of Figure 1.1.
• Rotating Radio Transients (RRATS): Pulsars that become visible through
sporadic pulses of radio emission. Most RRATs fall to the diagrams far center
right, suggesting they are elder pulsars. Exactly how the emission dynamics in
RRATs differ from normal rotation powered pulsars is unknown.
• X/γ-Ray Pulsars: Pulsars that emit higher energy emission, these pulsars
fall to the upper left of the blue curve in Figure 1.1. A small subset lack radio
emission, and are only visible through their high energy emission.

1.3.1

Beam Structure

For each rotation of the pulsar beam, an observer will trace out the same path through
the magnetosphere. As the pulsar’s primary radiation beam or main pulse (MP)
intercepts our line of sight, each rotation brings a single pulse snapshot of the active
9

plasma dynamics generating radio emission. To study changes on single pulse time
scales, astronomers prefer to transform our 1-D time series into a 2-D pulse stack,
comprised of the rotational phase ϕ (bins or degrees) on the horizontal axis and
pulses on the vertical. Figure 1.3 shows an example. Single pulse snapshots can
be highly variable on short time-, but almost always lie around a stable equilibrium
point. For most pulsars, the integrated pulse stack (average profile) reaches stability
after no more then 1000 pulses [76].
Profile structure can vary dramatically from pulsar to pulsar. A select number of
pulsars possess a secondary beam called an interpulse. Depending on the magnetic
axis inclination angle α and the beam’s impact angle β, this could be the opposing
polar cap’s radiation beam (α ≈ 90/inclined rotator), or a second cut of the same
beam (α ≈ 0/aligned rotator). A very few emit over their entire rotation period [77]!
Average profiles provide an important window into the structure of the pulsar
radiation beam. Our current understanding suggests the pulsar beam structure is
composed of two distinct regions with differing phenomenology. Core emission occupies the very center of the radiation beam, with estimated emission heights of 500
km [95] [52]. Two types of hollow-cone conal beams surround the core component.
The inner and outer cones have similar emission heights, and arise at higher altitudes
than the core emission. Core emission typically dominates over conal emission in
the profile, but has a steeper spectra, leading it to ‘drop’ out of the profile at higher
frequencies. As our line of sight cuts the pulsar beam, we only see one core component but can see a number of conal components each time we cut the hollowed cone.
An example of an average profile that possesses both core and conal emission can be
found in Figure 1.2.
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Core and Conal beams follow explicit width dependences. Rankin [71] noted that
the core-beams of interpulse possessing pulsars (α ≈ 90) all follow an explicit period
dependence. The half-power width of core beams relate only to the spin period and
magnetic axis inclination angle, which at 1.5 GHz is

W50−C

2.45◦ P −0.5
=
sin α

(1.7)

Assuming a roughly dipolar field, the conal beam radius ρ,

ρ = cos−1 [cos β − 2 sin α sin ζ sin2 (W50 /4)]

(1.8)

where W50 the half power conal component width and ζ is the impact angle of the
rotation axis with our line of sight where ζ = α + β, also follow explicit period
dependences. For inner cones at 1.5 GHz, they are

ρIC = 4.33◦ P −0.5

(1.9)

ρOC = 5.75◦ P −0.5

(1.10)

while outer cones follow

Another difference between the inner and outer cones lies with their frequency
evolution. Outer cones tend to migrate towards the profile center with increasing
frequency. Rankin [69] suggested the migration could caused by a narrowing of the
conal beam, in turn implying a lower emission height for high frequency emission.
Inner cones typically show no frequency evolution. Again, each region suggests a
roughly universal geometry of the pulsar radio emission region.
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As we will discuss in Chapter 2, our multi-frequency survey core and cone beams
independently follow P −0.5 .
Most pulsars fit one of several classifications depending on the component structure and frequency evolution. They are as follows.
• St (Core Single): Dominated by a core component, may or may not have an
inner/outer cone pair.
• Sd (Conal Single): Single component, with a bifurcation into two components
at low frequencies.
• D: Two highly separated components bridged with weak emission. Often times
weak core emission falls in the bridging region.
• T (Triple): Three component profiles, usually with a central core component
and a flanking conal pair – but conal triple profiles can have an inner-cone single
feature and an outer cone outside pair.
• M (Multiple): Any profile that exhibits five or more components. Often times
a core flanked by its two conal pairs.
While there are a few other specialty classifications, almost all the pulsars in our
Survey are one of these five types.

1.3.2

Polarization Characteristics

At each point of the beam crossing, the pulsar’s polarization changes. For most
pulsars, plotting χ as a function of rotational phase (see Figure 1.2) will show a
smoothly swept out S-shaped curve. For emission arising along a dipolar field, the
12

Figure 1.2: Pulsar average profile. Above are plotted the Stokes parameters, I (black), L
(green), and V (purple) against rotational phase (longitude). Five components are evident
in the profile, with the center component being identifiable as a core component flanked by
both an inner and outer cone pair. Below is plotted the PPA track (blue) and a histogram
of the pulsar’s PAs (in black) vs the rotational phase (longitude). Notice the OPMs on the
leading and trailing profile, and the smooth sweeped curve though the profile center.
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angle of polarization will change in a predictable manner as our line of sight crosses
the viewing geometry [63]. This rotating vector model (RVM) states that the PPA χ
will depend only on the parameters α and β,

tan (χ − χo ) =

sin α sin(ϕ − ϕo )
cos α cos ζ cos(ϕ − ϕo ) − sin α sin ζ

(1.11)

where ϕo and χo are the location of the inflection point (or steepest gradient of the
PPA track).
Another aspect of pulsar polarization is the occasional sputters of orthogonally
polarized emission (OPMs). In the few cases where the association can be made,
OPMs are either polarized parallel (O-mode) or perpendicular (X-mode) to the pulsar
magnetic field [25] [33]. OPMs are likely caused when the radio emission that is
generated deep in the magnetosphere, separates into two modes of propagation as it
traverses the pulsar’s exterior cloud of plasma. While the X mode of propagation
is expected to easily escape this plasma, the O-mode will naturally experience a
strong damping caused by the orientation of the local magnetic field [46]. This means
pulsars should only have one mode of emission, yet most pulsars display dual OPMs;
ones in which the occurrence of the secondary OPM grows at higher frequencies. If
higher frequency emission follows a RFM and is being generated at lower altitudes,
it becomes a mystery as to how the O-mode escapes the magnetosphere.
We can study the emission associated with each polarization mode by creating
mode-separated pulse sequences, as described in Deshpande & Rankin (2001) [12].
In some pulsars like B0823+26, conal emission associates strongly with one mode;
further evidence of the important but unknown role OPMs play in producing pulsar
emission.
14

Figure 1.3: An example pulse sequence of a mode changing pulsar. Plotted is pulse number vs
rotational phase with color denoting normalized intensity. The mode change is illustrated by
the activation of the core component. This lasts for about 500 pulses, and triggers decreased
intensity in the trailing component and stronger emission in the leading component.
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1.3.3

Mode Changes

While pulsar radio emission is quasi-stable, pulsars can undergo mode changes, where
the average intensity equilibrium point rapidly changes. These exotic pulsars can
have multiple emission modes with differing properties. In some cases, mode changes
can see activation of hidden or secondary components on time scales of 500 pulses.
An example can be found in Figure 1.3. For others, the mode changes can be over
extremely long time scales such as seen in intermittent pulsars, whose month long
emission turn-offs and spin-down changes have puzzled astronomers [83].
While no exclusive X-ray mode changing pulsars are known, a few pulsars are
known to exhibit X-ray/Radio mode changes. One of these pulsars, B0823+26, has
been deeply studied by myself, advisor, and colleague Dr. Geoff Wright as apart of
this thesis. Our work on this pulsar is contained in Chapter 4.

1.3.4

Single Pulse Dynamics

Pulsar single pulses display a wealth of complexity, but enshrined within lies a clear
organization of phenomenology. One of the single pulses’ most prominent features are
drifting subpulses, where conal emission drifts earlier/later in phase every rotation.
Eventually, the patterned and aliased driftbands precisely repeat through the pulse
sequence. Ruderman & Sutherland [86] predicted that outlying the core emission,
beamlets of plasma would experience an E x B drift in the immediate region above the
pulsar polar cap. Recall that the magnetic field lines begin to curve further away from
the pulsar surface, where E x B drift becomes non-zero. The plasma beamlets should
then undergo drift, rotating around the central beam like a carousel. B0943+10 [12]
16

Figure 1.4: An example of subpulse drift. Plotted is pulse number vs rotational phase with
color denoting normalized intensity. Notice how the emission moves in each pulse with a
clear directionality. Speckled through the off-pulse region is what is called RFI.
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serves as one of the strongest examples supporting the carousel model of drift, but
for most other pulsars the drift is dramatically more chaotic. A number of pulsars
show variable drifting suggesting a changing drift speed [17], while other pulsars show
evidence for elliptically shaped carousels [107]. Clearly our understanding of drift is
still in its infancy.
The driftbands are examples of an aliased geometric cycle underlying pulsar single
pulses. Reconstructing the cycle through modulation folds can help us understand
the properties of the cycle. This can be done by the following procedure. For a cycle
of non-integer pulse length P3 , the pulses immediately following the cycle’s end will
fall out of phase by ∆P3 . Each repetition of the cycle will add another unit of ∆P3 .
In this case, if the signal is precise we can simply break our cycle into a number of
sub-intervals, estimate the phase for each pulse, and then round a given pulse into
the nearest phase bin. While this sacrifices resolution, it maximizes power of the
modulation.
Drift is not always apparent by eye, but it shows up strongly in the spectral realm.
Fast Fourier Transforms (FFTs) provide an invaluable tool in locating drift and also
power modulations in the single pulses. There are primarily two types of FFTs we
take. The first is the Longitude Resolved Fluctuation Spectrum (LRFS), where the
FFT is applied to each bin of phase. It can be convenient to take stacks of integer
pulses and average the power spectra to get a lower resolution but power amplified
signal. See Figure 1.6 for an example.
Unlike the LRFS, which is the Fourier transform of the binned longitudes, an HRF
is the frequency transform of the original unstacked time-series. Off-pulse emission
can be blanked from the time series; this essentially acts as a windowing function
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Figure 1.5: An example of a Harmonic Resolved Fluctuation Spectrum (HRF). Plotted is the
harmonic number (rotational width of the modulated feature) vs its frequency of modulation
with the color representing the normalized power. Here we clearly see a fluctuation feature
at about 0.55 P, and a first harmonic at 0.05 P. The earlier harmonics are drowned out by
RFI.
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Figure 1.6: An example of a Longitude Resolved Fluctuation Spectrum. Plotted is Frequency
vs rotational phase with color representing the normalized intensity. On the right is the
integrated frequency power across the profile. Notice the concentration of power around
0.05 P.
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for the FT to only the MP emission, improving the HRF sensitivity. In the Fourier
domain, frequencies are stacked around period multiples to produce a 2-D array
comprised of period harmonics and frequency. One of the primary benefits HRFs
provide are the ability to resolve aliasing effects. They also can distinguish between
amplitude and phase modulated features. If amplitude modulation is present, the
total modulated power will be equally distributed to its individual harmonics. The
power is phase modulated if it does not meet this condition. For more information,
see [12] and Figure 1.5.
Pulsars also undergo nulls; a pulse where emission disappears or is dramatically
weakened from the standard profile. In a few pulsars, nulls have been found to be
semi-periodic [80]. Opposite to this phenomenon are the highly focused giant pulses,
whose widths are short but have integrated intensities that exceed the average full
pulse intensity by several magnitudes. Pulsars have also been revealed to undergo
flaring, where hidden emission components can sporadically flare into existence [53].
We take advantage of this phenomenon to sharpen and extend the classifications of
a large number of Arecibo pulsars in Chapter 2. Finally, we also see radio frequency
interference (RFI). Stray signals from Earth or space-based sources that are picked up
by our radio telescope. An example is contained within Figure 1.4 on the very wings
of the profile. There are many ways to mitigate the noise; removal of problematic
channels, or even a simple ‘blanking’ of single pulses with large off-pulse emission.

1.3.5

Aberration/Retardation

If radio emission occurs at a significant fraction of the light cylinder, the emission
will experience aberration and a smaller propagation delay. This is known as aberra21

tion/retardation. First described by Blaskiewicz [8] and later corrected by Dyks [14],
the two effects shift the profile earlier and ϕo later by equal amounts relative to the
longitude of the magnetic axis in between. The total shift ∆t for an emission height
h is 4h/c [=∆ϕP/360◦ ], where c is the speed of light. B0540+23 is an example of
such a pulsar and can be seen in Figure 1.7. Notice how far on the profile’s edge the
point of steepest gradient falls. A preliminary study of three aberrated pulsars are
contained in Chapter 3.
With these ideas in place, we turn to the individual pieces of work.
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Figure 1.7: An example of a strongly aberrated pulsar. Notice how far in the profile wings
the SG falls.
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Chapter 2
Arecibo 4.5/1.4/0.33-GHz
Polarimetric Single-Pulse Emission
Survey

2.1

Background

This project involved a multi-frequency survey of nearly three dozen Arecibo pulsars.
The 4.5-GHz observations were proposed and carried out by Dr. Dipanjan Mitra, and
two former UVM undergraduates, Haley Wahl and Casey Brinkman-Traverse. Half
of the 1.5 GHz and 327 MHz observations were acquired by my advisor Dr. Joanna
Rankin’s research group over the past 5 years, which included undergraduates Mateus
Teixeira, Megan Force, Emily Smith, Crystal Latham, and Isaac Backus, while the
rest were carried out by myself through the years of 2016 and 2017. From here on
throughout, the work is my own. The paper’s emphasis is primarily on classification
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of pulsar profiles and geometry along with the multi-frequency populational trends
of this group of pulsars.
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ABSTRACT

We report on an Arecibo 4.5-GHz polarimetric single-pulse survey of the brightest high
frequency pulsars within its sky. The high frequency profiles are accompanied by high quality
1.4- and 0.33-GHz observations for comparison. Here our analyses and discussion primarily
involve the average and statistical properties of the 44 pulsar’s polarimetric pulse sequences.
We have made the entirety observations available for further study on our download site.
Here we present their classification, statistical properties and frequency evolution along with
their polarimetric profiles and peak-occurrence histograms. In most cases both the fractional
linear polarization and profile widths decrease with frequency as expected, but there are some
exceptions. Similarly, we were able to review and/or extend the profile classifications for this
population of pulsars and work out their beaming characteristics quantitatively. The great
majority show properties compatible with the core/double-cone emission beam model.
Key words: MHD – plasmas – pulsars: general, radiation mechanism: nonthermal
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INTRODUCTION

Pulsar high frequency radio emission has long been of observational interest to astronomers. That the wavelength of pulsar radio
emission maps to emission height has long been asserted based on
the spectral evolution of components (radius to frequency mapping,
RFM; see Rankin 1983a). Thus, a study of high frequency radiation
is expected to illuminate the physical conditions deeper within the
pulsar magnetosphere. Unfortunately, most pulsars have low flux
densities at high frequencies, making single-pulse surveys above 2
GHz unattainable for all but the largest radio telescopes.
The first high frequency observations of pulsar emission were
carried out by astronomers at the Effelsberg Observatory, who pioneered early efforts before they were pursued more generally. The
classic survey of Morris, Graham, Sieber, Bartel & Thomasson
(1981; MGSBT) included a number of polarimetric profile measurements at 2.7 GHz, and other efforts at higher frequencies followed. In particular, the 5-GHz survey of von Hoensbroech (1999)
and von Hoensbroech & Xilouris (1997; vHX) demonstrated the
fascination and importance of pulsar studies in this regime of the
radio spectrum.
The Arecibo Observatory’s 310-m primary and Gregorian reflector systems provide unmatched sensitivity to high frequency
radio emission. Using recent 4.5-GHz as well as mostly existing
1400- and 327-MHz observations, we have herein assembled sets
of multifrequency single-pulse, polarimetric observations on some
of the brightest pulsars in the Arecibo sky.
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OBSERVATIONS

All the recent observations were carried out using Arecibo’s Mock
spectrometers1 in single pixel mode2 , but we have included a few
WAPP3 observations where Mock ones were missing. Each Mock
spectrometer was configured for individual bandwidths of 170, 85
or 12.5 MHz at three frequencies; 4.6 GHz (C-band), 1.4 GHz (Lband), and 327 MHz (P-band). Six Mocks were used at C band for a
total 1-GHz bandwidth; whereas, at L and P band the total nominal
bandwidths were 350 or 50 MHz, respectively. The WAPPs were
used prior to early 2011 (MJD 55600), and their configurations
were similar, apart from 100-MHz bandwidths at L band. All three
receiver systems are orthogonal linear feeds, but a circular hybrid
was on occasion inserted into the P-band signal path for VLBI
observations.
When taking data, the Mock spectrometers generate four uncalibrated (“search mode”) data streams related to the Stokes parameters, which are subsequently written to disk for offline processing.
Each pulsar run was preceded by a short recording of a correlated
50-Hz calibration signal injected into the two signal paths; its use
being both to determine the amplitude scaling and sort out the real
and imaginary parts of the voltage correlation. Sufficient Fourier
Transform lengths were used within the Mocks to provide nominal
milliperiod dispersion resolution. The output signals were then resampled modulo the pulsar rotation period using ephemerides from

3

© 2019 The Authors
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http://www.naic.edu/~phil/hardware/pdev/pdev.html
http://www.naic.edu/~phil/hardware/pdev/singlePixelSpecs.html
Wideband Arecibo Pulsar Processor; http://www.naic.edu/~wapp
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Table 1. Observation Information

the ATNF Pular Database (Manchester et al. 2005). Again the sampling reflected the available resolution and was usually a milliperiod
or less. The band, Modified Julian Dates (MJDs), lengths and modes
of the observations are given in Table 1.
2.1

Polarimetry

Electromagnetic radiation is usually described and measured experimentally as a set of four Stokes Parameters. These are comprised
of the intensity (I), and the two types of polarization a wave can
take, (Linear – Q, U and Circular – V). The total linear polariza-

p
tion L = Q2 + U 2 , and the polarization position angle (PPA) χ
−1
= tan (U/Q). The four Stokes parameters were formed off-line
in software, corrected for dispersion delays, Faraday rotation, and
instrumental polarization effects.
The polarimetry is absolute as follows: values for the ionospheric Faraday rotation and its time variation through the observation were estimated and applied. Interstellar rotation measures (RM)
were then measured for each L- and P-band observation [see Curtin
et al. (2019) for both procedures]. Nominal RM values or a nearby
measurement were used at C band. The measured PPA’s were then
derotated to infinite frequency, so as to have an absolute reference
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counterclockwise from north on the sky (see Morris et al. 1979;
Rankin 2015). This leaves small PPA errors at C and L bands, corresponding to an RM error of perhaps 0.5 rad-m2 , so that the PPAs can
be directly compared at C and L band. Such an error is sufficiently
large, however, that the P-band observations have no meaningful
absolute reference. A sample profile is given in Figure fig1. Note
the primary PPA track as well as the “shadow” corresponding to the
secondary orthogonal polarization mode (OPM).
2.2

Figure 1. Sample average profile for pulsar B0950+08. The upper panel
displays intensity I (solid black), total linear polarization L (dotted green),
and circular V (dash-dotted purple). The lower panel plots the single pulse
PPAs in black, and the average PPA traverse for values greater than 3σ L in
blue.

RFI Mitigation

Radio Frequency Interference (RFI) can degrade the observations,
especially at the high frequencies we are using. In general, RFI can
be mitigated in two different ways. For RFI that is concentrated
over a narrow range of frequencies, affected frequency channels
can be excised before creating the final channel summed pulse sequence. With more sporadic broadband RFI, it is better mitigated by
blanking the actual single pulses from the summed channel pulse
sequence as we did in the case of our observations. Particularly,
pulses with higher than twice the average off-pulse noise were excluded from the analysis procedure in order to achieve the least
corrupted results.
In at least one case (B1821+05/C-band), the RFI was so thoroughly rooted in the off-pulse region that we instead replaced a
majority of the off-pulse regions with the average noise of the uncorrupted pulses.
2.3

Average Profiles

The total linear polarization at a particular bin/phase k is Lk =
q
Q2k + Uk2 , while the fractional linear polarization is defined as
Í

L/I = Ík I k where we have summed values of Ik and Lk for
k k
values three times their respective off-pulse noise value.
Assuming the error in Q and U is Gaussian, the error in the
linear polarization will not be Gaussian and the uncertainties would
be best modeled by Monte Carlo methods (Mitra, Rankin & Arjunwadkar 2016). In general, this method was applied to obtain errors
for the polarization quantities. Table 5 lists each quantity and its
error as measured from observation.
For each observation, we have plotted the average I, L, and V
along with the qualifying (≤ 2σL ) single pulse polarization position
angles (PPAs). These PPAs are plotted with error bars for values
greater than 3σL . Figure 1 provides an example plot.
L

2.4 Profile Width Estimation
Uncertainties in the total profile widths were computed via
s


rms 2
σ = res x 1 +
I

Figure 2. An example of a peak histogram plot for pulsar B0950+08. Each
line represents a contour of the conjoined intensity maxima at each longitude.
Indicated above are the plotted ordering of contours, from the maximum
contour being 1 to the lowest ordering, and the ordering step size between
each curve listed below.

(1)

where res is the sample time resolution, rms is the off-pulse noise
standard deviation, and Stokes I is the measured signal level as
described by Kijak & Gil (1997). Table 3 lists 50%, 10% and 5σ
values for each observation together with its error.
2.5

Peak Histogram Analyses

Pulsar emission on a single-pulse basis is well known to fluctuate
broadly and different time scales (Mitra & Rankin 2011). Irregular
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2.30E-16
3.70E-15
9.60E-16
7.80E-16
4.30E-16
2.40E-15
1.20E-16
1.50E-15
2.30E-16
1.10E-15
1.90E-15
1.20E-14
1.50E-15
2.10E-13
1.80E-20
7.50E-15
4.00E-15
7.70E-15
1.00E-14
7.20E-15
2.10E-13
1.80E-14
1.20E-15
6.00E-15
6.40E-16
7.10E-15
1.70E-18
1.50E-16
1.90E-15
3.70E-15
1.70E-15
2.10E-14

1.90E+31
6.50E+31
3.00E+31
4.10E+34
8.90E+31
6.20E+34
7.30E+32
3.80E+34
1.40E+31
4.50E+32
1.30E+32
6.80E+33
5.60E+32
8.80E+31
1.40E+31
2.20E+31
4.10E+31
5.30E+31
4.00E+31
1.10E+32
2.10E+31
7.80E+32
1.40E+33
2.60E+32
1.40E+33
4.30E+35
4.60E+33
1.00E+33
4.10E+32
1.00E+33
3.60E+31
3.90E+34
5.10E+33
3.60E+33
3.90E+33
5.10E+33
3.10E+33
7.60E+32
8.70E+29
3.40E+31
1.80E+33
4.90E+34
1.60E+33
2.30E+35

1.7E+07
7.6E+07
1.5E+06
2.5E+05
7.9E+07
8.9E+04
3.8E+06
1.1E+05
2.1E+07
4.9E+06
3.0E+06
5.0E+05
1.8E+07
5.0E+06
2.3E+07
2.3E+07
2.7E+07
8.1E+06
6.5E+07
8.8E+06
5.3E+07
5.5E+06
3.2E+06
1.7E+06
3.7E+06
2.0E+04
4.8E+09
1.4E+06
2.9E+06
1.4E+06
3.5E+06
4.3E+05
8.8E+04
5.1E+05
3.1E+06
9.5E+05
5.0E+06
1.6E+06
4.0E+09
6.0E+07
2.9E+06
6.2E+05
3.2E+06
1.1E+05

1.4E+12
1.6E+11
1.2E+13
2.0E+12
1.3E+11
4.5E+12
9.9E+11
4.7E+12
1.3E+12
9.6E+11
3.0E+12
2.5E+12
2.4E+11
2.1E+12
1.2E+12
9.5E+11
5.8E+11
1.7E+12
2.4E+11
1.1E+12
4.2E+11
6.5E+11
8.5E+11
3.8E+12
7.3E+11
7.6E+12
3.1E+08
2.2E+12
1.7E+12
2.3E+12
4.8E+12
1.2E+12
1.6E+13
3.3E+12
5.2E+11
1.5E+12
3.6E+11
2.3E+12
2.7E+10
2.9E+11
8.2E+11
7.3E+11
7.8E+11
1.8E+12

0.7
1.3
0.9
32.6
1.5
40.3
4.3
31.4
0.6
3.4
1.8
13.3
3.8
1.5
0.6
0.7
1.0
1.2
1.0
1.7
0.7
4.5
6.0
2.6
6.1
105.6
10.9
5.2
3.3
5.1
1.0
31.7
11.5
9.7
10.1
11.5
9.0
4.4
0.1
0.9
6.9
35.8
6.5
77.5

0.4
0.6
0.5
7.0
0.6
8.5
1.5
7.1
0.3
1.2
0.8
3.6
1.3
0.7
0.3
0.4
0.5
0.6
0.5
0.7
0.4
1.5
1.9
1.1
1.9
18.1
2.0
1.8
1.2
1.7
0.5
6.7
3.6
2.9
2.7
3.2
2.4
1.6
0.1
0.4
2.1
7.1
2.0
13.3

Table 2. Pulsar Parameters

peaks in single pulses can then be used to identify low-level components which are otherwise not detectable in average pulse profiles.
To search for such sporadically emitting components, we have utilized a histogram based approach. For a 2-D pulse stack, we can
treat each binned sample of the pulsar period as a 1-D intensity time
series. Flaring components will exhibit a wider range of intensities
over steady state emission, thus showing up in these series as higher
energy emission (this includes its maximum emission assuming
the lack of RFI). Plotting each bin’s greatest intensity then forms a
contour of the brightest emission over the pulse region. Further contours then correspondingly relate to the lower numbered maxima.
For the purposes of our work, we have defined a flaring component

as one whose independent structure remains distinguished over a
wide range of intensity contours. This can also be thought of as
forming contour outlines of the varying sub-pulse structure (hereafter Peak Histogram Plots PHP). An example for B0950+08 is
shown in Figure 2. The presence of a leading feature is strongly
evident some 30◦ prior to the main pulse.

3

SURVEY PULSARS

The 44 pulsars in this C-band single-pulse polarimetric survey are
necessarily a population of some of the brightest pulsars in the
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Figure 3. W50 , W10 , and W5σ vs P. Lower boundary lines for the pulse half-width distribution have been taken from Skrzypczak et al. (2018).

Arecibo sky. Some are bright across most of their observable band
and some are bright because of relatively flat spectra. As can be seen
in Table 4, they include all of the pulsar profile classes defined in
Rankin (1993a,b). Most of these stars have been studied extensively
at lower frequencies, and we will try to include references to some
of this work but a full review of the published analyses is beyond
the scope of this paper.
Many survey pulsars were initially studied using the polarized
multifrequency profiles then available—and in particular the early
Effelsberg surveys of MGSBT and vHX, and these are referenced
in Rankin (1993b). The Rankin, Stinebring & Weisberg (1989) 1.4GHz survey included most of the pulsars below and demonstrate
how to classify them. Weisberg et al. ’s (1999, 2004) Arecibo polarimetric surveys at 1.4 GHz and 430 MHz also include most of
the current set and their classes. Hankins & Rankin (2010) published a single-pulse polarimetric survey of bright Arecibo pulsars
at 430 and 1400 MHz. Mitra et al. (2015) studied many of these
pulsars at high time resolution. Rankin (2015) explored the propermotion alignments of many pulsars and showed that the physical
(O,X) propagation modes can be identified in many cases. Wahl et
al. (2019) explore the polarization and profile geometry of many
pulsars in our set at lower frequencies using the LOFAR High Band
Survey of Sobey et al. (2015).
The rotational periods (P), dispersion (DM) and rotation (RM)
measures, along with the MJDs, lengths and resolutions of the observations are given in Table 1. In a few cases scattering prevented
us from making meaningful P-band observations. Fractional polarizations are given in Table 5 and the measured profile widths in
Table 3. The physical parameters derivable from a pulsar’s period
Û are given in Table 2—that is, the spindown
(P) and spindown (P)
Û spindown age (τ), magnetic field (Bsur f ), acceleration
energy (E),
parameter (B12 /P2 ) and Beskin, Gurevich & Istomin’s (1993) (1/Q)
parameter. Finally, Table 4 gives the profile geometry and classifications, about which we will say more below. However, one can see
that the survey includes all of the pulsar profile classes defined in
Rankin (1993a).
Several studies in the literature have demonstrated that pulse
width decreases with increasing pulsar period (Lyne & Manchester
1988, Rankin 1990, 1993, Gould & Lyne 1998, Maciesiak & Gil
2011, Maciesiak, Gil & Melikidze 2012, Pilia et al. 2015, Mitra
et al. 2016, Skrzypczak et al. 2018, Zhao et al. 2019, Johnston &
Karastergiou 2019), which is also seen in this survey as shown in
Figure 4. The importance of the existence of the lower boundary
line (LBL) for both core and conal component P−0.5 half-width

scaling has also been demonstrated in recent works by Skrzypczak
et al. (2018) and Zhao et al. (2019).
We find this scaling holds to at least 4.5 GHz, with at least three
pulsars falling near the expected high frequency LBL as shown in
Figures 3. Interestingly, the pulsars that fall on this LBL (PSRs
B1612+07, B1900+06, and B1910+20) exhibit similar PPA tracks
and profiles. The P−0.5 dependence of conal profile widths has
an obvious explanation in terms of the dipolar magnetic field
geometry in the emission region (Rankin 1990), but the component width dependencies are more difficult to understand. As
Skrzypczak et al. (2018) point out, it is likely that an aspect of the
radio emission mechanism is responsible.
Figures 4 to 6 give statistical population analyses of the tabulated values. In Fig 4 the fractional linear polarization in the three
Û P and P.
Û
bands is plotted against spindown age τ, and energy E,
Fig 5 plots the fractional circular polarization V against the same
quantities and 6 against the absolute fractional V.
A number of studies pertaining to specific pulsars are as
follows—
B0301+19, B0525+21, B1133+16: The three pulsars are classical examples of outer conal double profiles. However, single pulse
observations reveal both core and inner conal emission (Young &
Rankin 2012).
J0538+2817 & J1740+1000: Full radio analyses of these two
fast, high-energy pulsars are overdue given their interest and pertinence to key questions about pulsar physics and evolution.
B0540+23, B0919+06, B1530+27, B1612+07, B1842+14,
B1910+20, B1915+13 & B1924+16 were found by Lyne & Manchester (1988) to have “partial cone” profiles. Mitra & Rankin (2011)
reobserved and reanalyzed this population and found that most have
profiles of the types defined in Rankin (1993a).
B0540+23, B0611+22 & B0656+14: The three pulsars have
long proven difficult to classify in part because of their large fractional linear polarization and large apparent aberration/retardation.
Lyne & Manchester (1988) explore whether they could be “partial
cones”, but Mitra & Rankin (2011) argued for a different interpretation. Seymour et al. ’s study identified the quasi-periodic shifting in
the emission of B0611+22. Our study of the three pulsars drawing
on survey and other observations appears as Olszanski, Mitra &
Rankin (2019).
B0823+26: A multifrequency, polarimetric single pulse study
was first conducted by Rankin & Rathnasree (1995), and a further
comprehensive analysis of both the pulsar’s bright and weak modes
by Young et al. (2012) and Sobey et al. 2012). Drawing on both the
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Pulsar
(B1950)

W50
(◦ )

W10
(◦ )

B0301+19
B0523+11
B0525+21
B0540+23
B0609+37
B0611+22
B0626+24
B0656+14
B0751+32
B0823+26
B0834+06
B0919+06
B0950+08
B1133+16
B1237+25
B1530+27
B1541+09
B1612+07
B1633+24
B1737+13
B1821+05
B1839+09
B1842+14
B1848+12
B1848+13
B1853+01
B1855+09
B1859+03
B1900+01
B1900+06
B1910+20
B1915+13
B1916+14
B1924+16
B1929+10
B1933+16
B1935+25
B1946+35
B1952+29
B2016+28
B2020+28
J0538+2817
J0627+0649
J1740+1000

16.2 ± 0.4
14.8 ± 0.4
18.6 ± 0.4
8.5 ± 0.6
7.0 ± 0.4
7.3 ± 0.3
6.3 ± 0.4
15.5 ± 0.4
2.5 ± 0.4
4.4 ± 0.3
6.7 ± 0.4
9.1 ± 0.4
14.5 ± 0.3
9.3 ± 0.2
2.1 ± 0.4
9.5 ± 0.3
21.8 ± 0.4
3.2 ± 0.4
11.7 ± 0.4
14.9 ± 0.3
4.2 ± 0.4
4.6 ± 0.4
8.4 ± 0.4
3.5 ± 0.4
8.5 ± 0.3
–
–
–
–
–
1.7 ± 0.3
8.0 ± 1.1
4.2 ± 0.4
7.4 ± 0.4
8.8 ± 0.4
–
28.8 ± 0.4
–
5.7 ± 0.3
10.5 ± 0.4
13.7 ± 0.4
11.2 ± 0.5
10.1 ± 0.3
53.2 ± 0.4

19.7 ± 0.4
20.4 ± 0.4
21.4 ± 0.4
27.2 ± 0.6
22.1 ± 0.4
17.0 ± 0.3
17.6 ± 0.4
40.2 ± 0.4
25.9 ± 0.4
10.6 ± 0.3
9.1 ± 0.4
21.1 ± 0.4
29.9 ± 0.3
12.1 ± 0.2
15.5 ± 0.4
14.8 ± 0.3
57.3 ± 0.4
7.7 ± 0.4
36.9 ± 0.4
19.8 ± 0.3
11.3 ± 0.4
13.0 ± 0.4
13.4 ± 0.4
7.0 ± 0.4
14.4 ± 0.3
–
–
–
–
–
4.3 ± 0.3
16.1 ± 1.1
9.5 ± 0.4
16.5 ± 0.4
21.8 ± 0.4
–
39.0 ± 0.4
–
17.1 ± 0.3
15.5 ± 0.4
19.0 ± 0.4
54.1 ± 0.5
18.6 ± 0.3
63.3 ± 0.4

W5σ
(◦ )

W50
(◦ )

W10
(◦ )

27.1 ± 0.4
25.0 ± 0.4
29.9 ± 0.4
72.6 ± 0.6
50.2 ± 0.4
41.9 ± 0.3
23.9 ± 0.4
64.9 ± 0.4
27.4 ± 0.4
14.3 ± 0.3
28.8 ± 0.4
35.9 ± 0.4
71.2 ± 0.4
22.0 ± 0.2
25.0 ± 0.4
26.6 ± 0.3
97.0 ± 0.4
12.0 ± 0.4
53.0 ± 0.4
31.6 ± 0.4
35.2 ± 0.4
19.0 ± 0.4
19.3 ± 0.4
10.2 ± 0.4
20.3 ± 0.3
–
–
–
–
–
19.2 ± 0.3
33.2 ± 1.2
9.5 ± 0.4
20.4 ± 0.4
60.8 ± 0.4
–
37.7 ± 0.4
–
51.2 ± 0.3
30.2 ± 0.4
40.1 ± 0.4
67.2 ± 0.5
19.9 ± 0.3
60.8 ± 0.4

11.2 ± 0.4
14.6 ± 0.3
15.1 ± 0.4
8.1 ± 0.4
5.9 ± 0.3
7.4 ± 0.3
9.7 ± 0.3
15.1 ± 0.4
3.2 ± 0.4
3.2 ± 0.4
7.7 ± 0.4
4.9 ± 0.4
13.0 ± 0.4
2.5 ± 0.4
12.0 ± 0.4
5.6 ± 0.4
68.2 ± 0.4
3.2 ± 0.4
10.8 ± 0.3
11.6 ± 0.4
23.2 ± 0.4
9.5 ± 0.3
11.4 ± 0.3
3.2 ± 0.4
6.0 ± 0.3
4.2 ± 0.4
44.0 ± 4.2
5.0 ± 0.2
3.9 ± 0.4
2.8 ± 0.4
2.1 ± 0.4
8.4 ± 0.4
2.5 ± 0.4
5.4 ± 0.4
9.8 ± 0.4
6.7 ± 0.4
24.6 ± 0.4
5.6 ± 0.4
17.6 ± 0.4
8.3 ± 0.3
12.4 ± 0.3
7.4 ± 0.3
2.9 ± 0.3
17.9 ± 0.3

16.9 ± 0.5
17.9 ± 0.3
18.3 ± 0.4
24.6 ± 0.4
19.8 ± 0.3
14.6 ± 0.3
18.4 ± 0.3
31.3 ± 0.4
23.6 ± 0.4
7.0 ± 0.4
9.8 ± 0.4
12.0 ± 0.4
30.2 ± 0.4
10.5 ± 0.4
13.7 ± 0.4
12.3 ± 0.4
123.0 ± 0.4
7.7 ± 0.4
46.4 ± 0.3
21.8 ± 0.4
29.9 ± 0.4
13.9 ± 0.3
15.9 ± 0.3
6.0 ± 0.4
12.3 ± 0.3
9.8 ± 0.4
54.0 ± 6.9
18.6 ± 0.2
10.9 ± 0.4
6.3 ± 0.4
15.1 ± 0.4
17.9 ± 0.4
8.1 ± 0.4
13.6 ± 0.4
17.9 ± 0.4
9.5 ± 0.4
32.3 ± 0.4
16.2 ± 0.4
30.6 ± 0.4
14.9 ± 0.3
16.6 ± 0.3
33.5 ± 0.3
16.8 ± 0.3
56.5 ± 0.3

(P-band)

W5σ
(◦ )

W50
(◦ )

W10
(◦ )

14.8 ± 0.4
23.4 ± 0.3
22.1 ± 0.4
49.6 ± 0.4
43.3 ± 0.3
24.8 ± 0.3
30.6 ± 0.4
61.5 ± 0.4
26.0 ± 0.4
22.5 ± 0.4
14.1 ± 0.4
29.5 ± 0.4
72.1 ± 0.4
18.6 ± 0.4
16.9 ± 0.4
22.9 ± 0.4
135.7 ± 0.4
9.5 ± 0.4
61.0 ± 0.4
26.4 ± 0.4
34.5 ± 0.4
22.1 ± 0.3
18.3 ± 0.4
6.0 ± 0.4
13.7 ± 0.3
8.4 ± 0.4
44.0 ± 4.2
27.4 ± 0.2
14.4 ± 0.4
11.6 ± 0.4
17.2 ± 0.4
27.4 ± 0.4
13.4 ± 0.4
19.7 ± 0.4
70.7 ± 0.4
27.7 ± 0.4
39.0 ± 0.4
29.9 ± 0.4
32.0 ± 0.4
32.4 ± 0.3
33.5 ± 0.4
80.8 ± 0.3
19.4 ± 0.3
55.0 ± 0.3

9.8 ± 0.4
3.9 ± 0.4
13.4 ± 0.4
10.2 ± 0.4
5.6 ± 0.4
7.7 ± 0.4
14.1 ± 0.4
14.4 ± 0.4
17.9 ± 0.4
2.8 ± 0.4
7.4 ± 0.4
4.2 ± 0.4
11.2 ± 0.4
1.8 ± 0.4
10.9 ± 0.4
5.3 ± 0.4
14.4 ± 0.4
1.4 ± 0.4
7.4 ± 0.4
3.9 ± 0.4
23.2 ± 0.4
3.2 ± 0.4
3.9 ± 0.4
2.8 ± 0.4
6.0 ± 0.4
3.9 ± 0.4
33 ± 4
14.8 ± 0.4
3.5 ± 0.4
1.8 ± 0.4
2.1 ± 0.4
9.1 ± 0.4
2.5 ± 0.4
6.0 ± 0.4
7.0 ± 0.4
6.3 ± 0.4
22.1 ± 0.4
15.1 ± 0.4
19.3 ± 0.4
7.7 ± 0.4
12.0 ± 0.4
11.6 ± 0.4
2.1 ± 0.4
17.2 ± 0.4

13.7 ± 0.5
16.9 ± 0.4
16.2 ± 0.4
23.9 ± 0.4
13.4 ± 0.4
13.4 ± 0.4
18.3 ± 0.4
29.2 ± 0.4
23.9 ± 9.2
6.3 ± 0.4
9.1 ± 0.6
8.1 ± 0.4
30.2 ± 0.4
3.9 ± 0.4
13.0 ± 0.4
10.9 ± 0.4
77.3 ± 0.4
4.2 ± 0.4
21.8 ± 2.6
20.0 ± 0.4
27.8 ± 0.6
13.4 ± 0.4
16.2 ± 0.4
4.6 ± 0.4
11.6 ± 0.4
7.7 ± 0.4
44 ± 5
23.2 ± 0.4
10.5 ± 0.4
4.6 ± 0.4
14.4 ± 0.4
14.1 ± 0.4
6.0 ± 0.4
12.3 ± 0.4
15.5 ± 0.4
18.6 ± 0.4
29.2 ± 0.4
17.2 ± 0.4
23.9 ± 0.4
15.1 ± 0.4
14.8 ± 0.4
29.9 ± 0.5
4.9 ± 0.4
35.2 ± 0.4

(L-band)

W5σ
(◦ )

(C-band)
10.9 ± 0.4
16.9 ± 0.4
19.3 ± 0.4
42.2 ± 0.4
11.6 ± 0.4
14.4 ± 0.4
17.9 ± 0.4
37.3 ± 0.4
2.8 ± 0.4
21.8 ± 0.4
1.8 ± 0.4
15.8 ± 0.4
71.0 ± 0.4
13.4 ± 0.4
16.9 ± 0.4
10.9 ± 0.4
91.1 ± 0.4
6.7 ± 0.4
0.7 ± 0.4
21.4 ± 0.4
3.5 ± 0.4
12.0 ± 0.4
14.1 ± 0.4
2.8 ± 0.4
11.6 ± 0.4
6.7 ± 0.4
?? ± ??
23.9 ± 0.4
14.4 ± 0.4
7.0 ± 0.4
14.4 ± 0.4
11.2 ± 0.4
7.0 ± 0.4
14.1 ± 0.4
56.6 ± 0.4
30.2 ± 0.4
27.3 ± 0.4
19.3 ± 0.4
31.6 ± 0.4
21.4 ± 0.4
27.4 ± 0.4
10.2 ± 0.4
19.0 ± 0.4
36.2 ± 0.4

Table 3. Profile Width Information

survey and other observations, our new study appears as Rankin,
Olszanski & Wright (2019). Single pulse observations suggest the
presence of both an inner and outer emission cone.
B0834+06 exhibits interactions between its nulls and emission in a manner that may further illuminate the characteristics of
subbeam carousels (Rankin & Wright 2007).
B0823+26, B0950+08, B1530+27 & B1929+10: The off-pulse
structures in these pulsars manifesting as pre- and postcursor features are studied in an effort to understand their commonalities and
emission geometries (Basu, Mitra & Rankin 2015).
B0919+06: This pulsar exhibits one of the best examples of

the “swoosh” phenomenon first identified by Rankin, Rodriguez &
Wright (2006). A more detailed further study appears as Wahl et al.
(2015).
B1237+25: This pulsar has been an exemplar of the fivecomponent profile and was the object in which Don Backer identified bi-moding and null pulses as outlined in Srostlik & Rankin
(2005). A more recent polarimetric analysis of the pulsar’s normal
and abnormal modes appear as Smith et al. (2013).
B1541+09: Nowakowski (1991) studied the single pulses of
this very broad triple (T) profile pulsar.
B1633+24: Hankins & Wolszczan (1987) showed the basic
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structure of this conal triple (cT) pulsar, but their work has never
been adequately followed up.
B1737+13 provides another rare example of a five-component
(M) pulsar (Force & Rankin 2010).
B1919+21: This very first pulsar discovered by Jocelyn Bell
was studied in detail in the 1970s, but has received little attention since. Both its profile evolution and subpulse drift effects are
interesting and will reward further investigation.
B1929+10: This fascinating pulsar with its main pulse, interpulse, and polarized emission over most of its rotation cycle remains
one of the best polarization calibrators in the northern sky. However,
it has not been adequately studied in terms of its emission physics.
A beginning was made by Rankin & Rathnasree (1997).
B1933+16: The pulsar is perhaps the brightest core-dominated
pulsar in the Arecibo sky, and its characteristic core-single behavior
in polarized single pulses is analyzed in Mitra et al. (2016).
B1946+35: A similar study was also carried out on this prominent core-single pulsar and appears as Mitra & Rankin (2017).
B2016+28 is one of the two Arecibo pulsars wherein the “drifting subpulse” phenomenon was discovered, but its irregular drift
bands and non-orthogonal polarization modes (Ramachandran et
al. 2004) have frustrated attempts to understand its individual pulse
modulation (McKinnon 2003).
B2020+28: This fascinating pulsar, well studied in the past,
may exhibit mode-switching as recently reported by Wen et al.
(2018).

4

CLASSIFICATION AND PROFILE GEOMETRY

Most of the 44 pulsars in our survey have long been observed and
studied and thus classified on the basis of the then available information in Rankin (1993a,b). Subsequent studies have reexamined
these classifications and in a few cases found evidence for changes
(e.g. Weisberg et al. 1999, 2004; Mitra & Rankin 2011). Our work
here provides a further opportunity to examine these received conclusions and to confirm or better establish the quantitative geometry
of this group of pulsars.
The pulsar profile classification system in Rankin (1993a,b) envisions a core/double cone emission beam configuration, wherein
two concentric annular conal beams surround a central core (“pencil”) beam. It assumes dipolarity of the magnetic field in the radio
emission region such that the rotating-vector model (RVM) is valid
(Radhakrishnan & Cooke 1969; Komesaroff 1970) and the profiles
scale as the P−0.5 angular size of the polar flux tube. Its classes
reflect different sightline trajectories as well as different profile evolution with frequency, but the descriptors pertain to the profile form
at 1 GHz.
It begins by distinguishing between single profiles of the core
type (St ) and conal type (Sd ). St profiles reflect a central sightline
trajectory that encounters only the core beam; whereas Sd profiles
entail an oblique sightline that only grazes one of the conal beams.
St profiles remain single at low frequency but generally develop a
pair of conal “outriding” components at high frequency; whereas,
Sd profiles remain single at high frequency but often bifurcate at
low frequency due to enlargement of the conal beam (RTF).
In addition, conal double profiles (D) reflect more central sightlines through conal beams; triple profiles (T) encounter the core
beam and central parts of a conal beam; and five-component (M)
profiles encounter the core and both conal beams. Conal beams thus
are of two types, inner and outer. Conal triple profiles (cT) reflect
a traverse that passes well inside an outer cone while grazing the

inner cone; similarly rare conal quadruple profiles (cQ) represent
traverses that cut both cones more centrally but do not encounter a
core beam.
Most radio pulsar profiles can be understood in terms of the
core/double-cone beam system where one, two or all three beams
are encountered in different configurations and somewhat different
RF spectra.
The three beams are found to have specific angular dimensions
at 1 GHz in terms of a pulsar’s polar cap, ∆PC = 2.45◦ P−1/2 . The
outside half-power radii of the inner and outer cones, ρi and ρo are
4.33◦ P−1/2 and 5.75◦ P−1/2 .
In practice. the magnetic colatitude α can be estimated from
the width of the core component when present, as its expected halfpower width at 1 GHz, Wcore is ∆ PC /sin α. The sightline impact
angle β can then in turn be estimated from the steepest gradient (SG)
of the polarization angle (PPA) traverse (at the inflection point) using
R=|dχ/dϕ|, where R is equal ratio sin α/sin β. Conal beam radii can
in turn be estimated from the outside half-power width of a conal
component or conal component pair at 1 GHz Wcone together with
α and β using eq.(4) in Rankin (1993a). The emission characteristic
heights can then be computed assuming dipolarity using its eq.(6).
These 1-GHz heights are then typically about 120 and 220 km.
However, it is important to recall that these are characteristic emission heights, not physical ones, estimated using the convenient but
perhaps problematic assumption that the emission occurs adjacent
to the “last open” field lines at the polar fluxtube edge. More physical emission heights can be estimated using aberration/retardation
(see Blaskiewicz, Cordes & Wasserman 1991, as corrected by Dyks,
Rudak & Harding 2004), and these are typically 2 – 3 times larger
than the characteristic emission heights.
Indeed, physical emission heights measured using aberration/retardation are available on a number of the survey pulsars:
B0823+26, B1237+25, B1737+13, B1933+16, and B1946+35; see
the references in §3.
We will now discuss the most interesting finds in our survey.
4.1

B0540+23

The profiles and PHP plots show that this pulsar has a move complex
emission pattern than the core-single type that it has sometimes been
assumed to be. A comprehensive analysis of its characteristics will
be given in Olszanski et al. (2019).
4.2

B0609+37

While we easily classify B0609+37 as a St , emission apparent on the
profile’s trailing edge is difficult to explain, possibly a postcursor.
It is frequency dependent in our observations, and appears to be
just perceptible in some of the Lyne & Gould (1998) profiles. We
see it at both P and L band but at different longitudes. The PHP
plots in Fig. B2 suggest a triple structure, the steep PPA traverse a
central sightline cut, and Weltevrede et al. (2007) find evidence of
what may be drift modulation. All in all a T classification prompts
a reasonable core/inner cone geometry in Table 4.
4.3

B0611+22

This pulsar shows quite complex emission patterns at the different frequencies, and a full analysis of its properties will appear in
Olszanski et al. (2019).
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Pulsar
(B1950)

Class

Wc
(◦ )

Wc a p
(◦ )

α
(◦ )

R
(◦ /◦ )

β
(◦ )

Wc one1
(◦ )

ρ1
(◦ )

β/ρ1
(◦ )

Wc o ne2
(◦ )

ρ2
(◦ )

β/ρ2
(◦ )

h c o ne1
(km)

h c o ne2
(km)

B0301+19
B0523+11
B0525+21
B0540+23
B0609+37
B0611+22
B0626+24
B0656+14
B0751+32
B0823+26
B0834+06
B0919+06
B0950+08
B1133+16
B1237+25
B1530+27
B1541+09
B1612+07
B1633+24
B1737+13
B1821+05
B1839+09
B1842+14
B1848+12
B1848+13
B1853+01
B1855+09
B1859+03
B1900+01
B1900+06
B1910+20
B1915+13
B1916+14
B1924+16
B1929+10m
B1929+10i
B1933+16
B1935+25
B1946+35
B1952+29
B2016+28
B2020+28
J0538+2817
J0627+0649
J1740+1000

D
T?
D
St
St/T
St
cT/cQ?
T
D
St
D
St/T
Sd?
D
M
Sd
T
cT
cT/CQ
M
T
St
T/St
T
St
Sd
St
St/T
St
T
M
St
T
St
T/M?
T/M?
St
D?
St/T
M/cQ?
Sd
D/T?
M
T?
M?

—
∼4.2
—
7.7
5.1
4.4
—
∼13
4.8
3.6
3?
∼4.7
24.4
3?
∼2.6
—
∼29
—
—
∼4.6
∼6
∼4?
∼4.6
∼2.5
∼6
—
35
5
3.6
3
∼3.4?
6
∼2.3?
6.4
5.15
5.15
∼4.3
—
5.7
∼6.5?
—
6.2
∼9
∼6
∼16

2.1
4.1
1.3
4.9
4.5
4.2
3.5
3.9
2.0
3.4
2.2
3.7
4.9
2.2
2.1
2.3
2.8
2.2
3.5
2.7
2.8
4.0
4.0
2.2
4.2
4.7
33.5
3.0
2.9
3.0
1.6
5.6
2.3
3.2
5.1
5.1
4.1
5.5
2.9
3.8
3.3
4.2
6.5
4.2
6.2

30
78
21
40
62
74
63
18
26
84
50
53
12
46
53
30
6
24
19
36
28
83
60
63
44
—
73
39
53
84
29
68
79
30
88
88
72
65
32
35
39
88
46
44
23

–17
–9.5
+36
–3.5
+24
+11.1
–12?
–3.8
+25
+30
+17
+9
–1.4
+10
–150
+5.8
–2.2
–4.6
–4
–12
–10
–19
+12
+36
—
—
+1.3
–10
+30
–16
+18
–8
+45
+6
–9
—
–50
–9
+16
–7
+5
+8
+5
–2.2
1.8

+1.7
–5.9
+0.6
–10.6
+2.1
+5.0
+4.3
+4.6
+1.0
+3.3
+2.6
+5.1
+8.5
+4.1
–0.3
4.9
–2.6
+5.1
–5.3
+2.8
+2.7
+3.0
4.2
1.4
—
—
47
–3.6
+1.5
3.6
1.5
+6.6
+1.2
+4.8
+6.4
—
1.1
5.8
1.9
4.7
+7.2
+7.2
8.3
18.4
12.0

13.0
—
—
—
17.2
11.1
∼10
31?
—
∼9
7.7
10.1
75.4
—
9.4
—
125
—
∼20
13.3
—
10.2
11.4
8
—
—
∼60
—
∼12
7.7
∼9.5
15
7.5
12
13.2
—
—
—
16.6
∼13
—
—
19.7
—
—

3.7
—
—
—
7.8
7.3
6.2
7.0
—
5.5
3.9
6.5
8.7
—
3.8
—
5.1
—
6.0
5.0
—
6.3
6.5
3.9
—
—
55.5
—
5.1
5.2
2.8
9.7
3.9
5.8
9.2
—
—
—
5.1
4.7
—
—
11.2
—
—

0.45
—
—
—
0.27
0.68
0.68
0.66
—
0.59
0.66
0.78
0.98
—
–0.08
—
–0.51
—
–0.89
0.57
—
0.47
0.64
0.37
—
—
0.85
—
0.30
0.68
0.55
0.68
0.32
0.83
0.70
—
—
—
0.39
0.77
—
—
0.74
—
—

—
14.9
15.9
∼20
—
—
∼16
—
21.1
∼14
—
—
—
9.0
12.0
8.3
—
6.1
47
18.7
24.5
—
—
—
—
—
—
∼20
—
—
14
—
—
—
—
—
∼20
25
—
∼24
8.2
12.8
∼34
—
∼34

—
9.3
2.9
12.0
—
—
8.4
—
4.8
7.7
—
—
—
5.3
4.8
5.4
—
5.3
8.4
6.4
6.6
—
—
—
—
—
—
7.0
—
—
3.8
—
—
—
—
—
9.6
12.9
—
8.7
7.7
9.6
15.4
—
14.6

—
–0.63
0.19
–0.88
—
—
0.51
—
0.21
0.42
—
—
—
0.78
–0.06
0.91
—
0.97
–0.64
0.44
0.41
—
—
—
—
—
—
–0.51
—
—
0.41
—
—
—
—
—
0.11
0.45
—
0.54
0.93
0.75
0.54
—
0.84

129
—
—
—
122
120
123
125
—
109
129
122
128
—
131
—
128
—
118
132
—
102
107
120
—
—
110
—
125
123
117
122
119
129
127
—
—
—
117
108
—
—
120
—
—

—
206
216
235
—
—
225
—
222
210
—
—
—
223
213
220
—
230
230
219
217
—
—
—
—
—
—
217
—
—
213
—
—
—
—
—
220
224
—
215
223
211
226
—
220

Table 4. Pulsar Geometry Information. Where Wc o ne1 , Wc o ne2 , and Wc represent the inner cone, outer cone, and core half power width. Errors in width
are similar to those listed in Table 3

4.4

B0626+24

The frequency development of this pulsar is surprising in showing
a full double structure only at C band. What immediately catches
the eye is how the PPA track evolves. Over the three frequencies, the
leading PPA displays a consistent change in angle from the rest of
the track, going from nearly orthogonal at P-band to nearly aligned
at C-band. This cannot be simply an OPM effect, as its location
is frequency dependent. The asymmetric lower two profiles are
suggestive of a conal triple or quadruple structure like that in pulsar

B2034+19 (Rankin 2018), and the rough quantitative geometry in
Table 4 is compatible with this classification.

4.5

B0656+14

Many words have been written about the strangeness of this pulsar’s
single pulses, but OPM-dominance “jumps” on the edges of the Cband profile provide some new clarification. We are studying the
pulsar in detail in a separate effort (Olszanski et al. 2019), and we
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report here that the profile has a basic inner cone triple structure
with some evidence for outer conal emission as well.
4.6

B0823+26

Again we base our analysis on a current analysis of this pulsar
(Rankin et al. 2019) along with the work of Everett & Weisberg
(2001) where both inner and outer conal features can be identified
in its main pulse together with the usually dominant core emission.
4.7

B0919+06

The pulsar’s “swooshes” are known to distort its average profile at P
and L band. However, a partial profile analysis (Rankin et al. 2006)
permits the discernment of its underlying triple T structure which
is reported in Table 4.

by Dai et al. (2015), and agree with our suggestion of a corecone structure. Indeed, it is also interesting to point out that the
high frequency RVM curve of Dai et al. appears more akin to
that of a strongly abberated “normal” pulsar (e.g. B0329+54). Only
four other MSPs are known to show any semblance of a core-cone
structure.
4.12 B1929+10
As is well known, this pulsar gives contradictory evidence regarding
its geometry: It seems to be an orthogonal interpulsar, and the (putative core) widths of both the interpulse and central component of
the main pulse would seem to support this. However, the very shallow PPA traverse (–1.5◦ /◦ ) is totally at odds with this interpretation
(see Rankin & Rathnasree 1997).
4.13

4.8 B0950+08
The strongest evidence for a Sd designation has been the component
bifurcation apparent in low frequency profiles. On close-inspection
of single pulse observations at 1.5 GHz and 4.5 GHz using our
PHPs, we identify the outline of a component structure that shares
nearly the same location and width as the low frequency profile,
suggesting the components are inner cones. This would appear at
odds with the well studied geometry of this pulsar (Basu et al. 2015)
(Everett & Weisberg 2001). It raises the question if this pulsar is
truly a Sd .
4.9 B1133+16
As previously mentioned, core emission is a known facet of this pulsar’s single pulses. From our PHP’s, we identify a peaked feature at
1.5 GHz similar in location to Young & Rankin’s noted core component. The derived geometry suggests the exterior components as
outer cones, and this is in agreement with their frequency evolution.
We also note that the core component appears to undergo a
frequency dependent shift with respect to its surrounding cones.
This is not unique to our observations, as Figure 7 of Young &
Rankin (2012) shows a similar such occurrence at L-band. The
shift is seen to be most pronounced at 4.5 GHz, with the conal
components appearing to centre around the SG. In the context of A/R
and emission heights, it would suggest this pulsar’s high frequency
core emission is emitted at heights greater than the star’s surface,
while low frequency core emission lies near it. This would also
explain the steepening and increased complexity of the C-band
PPAs.
4.10

B1633+24

We can have little doubt that this pulsar shows an oblique double
cone profile per the Hankins & Wolszczan (1987) study. However,
a new analysis raising all the modern questions about such a configuration is needed.
4.11

B1855+09

A millisecond pulsar well known for its binary white-dwarf system,
we find strong evidence for a core-single structure in this pulsar’s
profile. High resolution observations of this pulsar were conducted

B1933+16

The geometry in Table 4 incorporates the detailed single-pulse analysis of Mitra et al. (2016).
4.14

B1946+35

Our model in Table 4 is based on the pulse-sequence analysis of
Mitra & Rankin (2017).
4.15

B1952+29

Detailed aspects of this pulsar’s profiles are very difficult to understand. The model in Table 4 is therefore only a first approximation.
4.16

J0538+2817

PHPs show clear evidence of a core and outer/inner cone structure
and this is predominantly clear from the average profiles; we thus
assign an M classification. We were fortunate to observe this pulsar
in both of its known emitting modes, and have concluded that the
mode change primarily correlates with intensity changes in the
core and trailing conal components. While for the survey’s purpose
we have only included a single profile of each pulsar, profiles of
J0538+2817’s two modes can be found in Anderson et al. (1996).
4.17 J0627+0649
No geometrical model is possible for this pulsar. The profiles seem
to have a regular structure across the three bands, but the shallow
linear PPA traverse seems incompatible with any model.
4.18 J1740+1000
The low frequency single-pulses bear a striking resemblance to
B0656+14, but appear here even more sharply spiked and infrequent much like that of a RRAT. Our P-band PHPs outline a messy
substructure of at least 6+ components which gradually resolves at
higher frequencies. We note what appear to be a pair of outer cones
on the profile’s edges. If we assume the central multi-peaked structure as core emission, we do find that phenomenology agrees with
an outer-cone classification. Yet, this would then suggest a pulsar
whose core emission is highly sporadic, delineated, and shows a
complex structure! This pulsar shares more than single-pulses with
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B0656+14, also being a known X-ray source in addition to showing
a strong fluctuation feature.
5

SUMMARY & CONCLUSIONS

We have carried out single-pulse polarimetric observations at 4.5
GHz on 44 pulsars benefiting from the unique sensitivity of the
Arecibo Gregorian feed system and Mock spectrometers. These
have then been combined with complementary observations at nominal frequencies of 327-MHz (P band) and 1.4 GHz (L band) that
were observed in a similar manner and thus have comparable sensitivity. In a few cases the P-band observation is missing because
interstellar scattering rendered it useless. The observational properties of the survey pulsars are given in Table 1.
The aggregate linear and circular polarization of all the profiles
has been measured and tabulated in Table 5. These values are then
Û spindown energy EÛ (=I P/P
Û 3 ), P and
plotted against age τ (=P/P),
PÛ in Figures 1 – 3 to explore their systematics. As expected we see,
for instance, that the aggregate fractional linear polarization declines
with frequency in virtually every case. Similarly, the profile width
information from Table 3 is plotted as a function of P in Figure 4.
The physical parameters for the survey pulsars are given in
Table 3. B names are largely used because these are the discovery
Û E,
Û τ and B from
names for most of the survey objects. The P, P,
the ATNF Pulsar Catalog4 . The acceleration parameter B12 /P2 and
Beskin et al. ’s (1993) 1/Q parameter are also given.
Geometrical core/double-cone beam models are then given
Table 2. Each pulsar’s class according to the system in ET VI is
given together with the estimated or measured magnetic colatitude
α, sightline impact angle β, together with the profile dimensions,
beam dimensions and characteristic emission height of each cone.
The Arecibo C-band Survey observations will be available for public download in the form of Stokes-parameter
pulse sequences along with a number of other observations at
http://www.uvm.edu/~pulsar.

4

http://www.atnf.csiro.au/research/pulsar/psrcat/
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Ė (erg s−1 )

1036

0
10−19

10

1038

327 MHz
1.4 GHz
4.5 GHz

50

40

0
0.1

1032

90

80

50

1030

100

327 MHz
1.4 GHz
4.5 GHz

90

327 MHz
1.4 GHz
4.5 GHz

90

%L

%L

90

%L

100
327 MHz
1.4 GHz
4.5 GHz

10−18

10−17

10−16
10−15
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Pulsar
(B1950)

%L

%V

B0301+19
B0523+11
B0525+21
B0540+23
B0609+37
B0611+22
B0626+24
B0656+14
B0751+32
B0823+26
B0834+06
B0919+06
B0950+08
B1133+16
B1237+25
B1530+27
B1541+09
B1612+07
B1633+24
B1737+13
B1821+05
B1839+09
B1842+14
B1848+12
B1848+13
B1853+01
B1855+09
B1859+03
B1900+01
B1900+06
B1910+20
B1915+13
B1916+14
B1924+16
B1929+10
B1933+16
B1935+25
B1946+35
B1952+29
B2016+28
B2020+28
J0538+2817
J0627+0649
J1740+1000

44.5 ± 0.1
21.4 ± 0.2
45.1 ± 0.0
86.3 ± 0.0
20.0 ± 0.1
85.2 ± 0.0
33.1 ± 0.1
97.3 ± 0.1
39.4 ± 0.3
26.7 ± 0.1
13.9 ± 0.0
39.4 ± 0.0
27.7 ± 0.0
38.2 ± 0.0
8.9 ± 0.0
19.3 ± 0.0
36.2 ± 0.2
25.7 ± 0.1
24.0 ± 0.1
31.1 ± 0.1
15.6 ± 0.1
0.9 ± 0.1
20.0 ± 0.1
37.1 ± 0.3
61.7 ± 0.2
–
–
–
–
–
34.5 ± 0.4
46.1 ± 0.1
60.0 ± 1.9
75.9 ± 0.2
86.3 ± 0.0
–
38.9 ± 0.8
–
54.6 ± 0.1
16.9 ± 0.0
33.4 ± 0.0
96.7 ± 0.4
92.3 ± 0.8
98.2 ± 1.5

9.2 ± 0.1
5.4 ± 0.2
-7.9 ± 0.0
-6.4 ± 0.0
-2.5 ± 0.1
8.6 ± 0.0
-5.6 ± 0.1
-5.9 ± 0.1
-7.0 ± 0.2
5.2 ± 0.0
2.5 ± 0.0
6.8 ± 0.0
-13.0 ± 0.0
12.0 ± 0.0
-2.2 ± 0.0
0.2 ± 0.0
-17.3 ± 0.1
-5.9 ± 0.1
-4.4 ± 0.1
5.1 ± 0.1
7.6 ± 0.1
15.1 ± 0.1
-4.7 ± 0.1
-7.1 ± 0.3
-13.2 ± 0.4
–
–
–
–
–
-5.7 ± 0.4
-11.5 ± 0.1
6.0 ± 1.4
11.7 ± 0.5
-3.9 ± 0.0
–
-1.8 ± 0.6
–
-22.1 ± 0.2
-6.9 ± 0.0
0.8 ± 0.0
16.1 ± 0.3
-1.8 ± 0.6
-4.1 ± 0.9

%Vabs

%L

%V

12.1 ± 0.1
12.5 ± 0.1
10.3 ± 0.0
7.7 ± 0.0
10.3 ± 0.0
9.7 ± 0.0
14.6 ± 0.1
6.9 ± 0.2
10.2 ± 0.5
12.5 ± 0.0
14.3 ± 0.0
9.4 ± 0.0
14.5 ± 0.0
16.4 ± 0.0
14.5 ± 0.0
11.3 ± 0.0
26.2 ± 0.0
19.3 ± 0.0
12.6 ± 0.0
12.5 ± 0.0
17.8 ± 0.0
18.8 ± 0.0
12.4 ± 0.0
7.9 ± 0.5
12.4 ± 0.1

33.3 ± 0.6
15.2 ± 0.2
40.4 ± 0.0
49.4 ± 0.0
10.6 ± 0.1
76.3 ± 0.0
22.3 ± 0.1
78.5 ± 0.1
28.9 ± 0.2
18.1 ± 0.0
9.0 ± 0.0
57.1 ± 0.0
6.7 ± 0.0
16.4 ± 0.0
52.1 ± 0.1
22.8 ± 0.0
22.6 ± 0.0
15.7 ± 0.5
20.0 ± 0.3
26.2 ± 0.1
20.8 ± 0.1
27.6 ± 0.1
38.6 ± 0.4
21.8 ± 0.9
63.5 ± 0.6
61.1 ± 1.1
14.1 ± 2.8
34.5 ± 0.1
11.6 ± 0.2
9.4 ± 0.1
35.8 ± 0.3
46.3 ± 0.1
50.4 ± 0.1
62.7 ± 0.3
77.2 ± 0.0
18.6 ± 0.0
29.7 ± 0.1
19.8 ± 0.0
29.0 ± 0.3
7.7 ± 0.0
27.7 ± 0.0
94.7 ± 0.0
75.8 ± 0.5
92.3 ± 0.1

10.7 ± 0.4
6.8 ± 0.2
-13.3 ± 0.0
-10.5 ± 0.0
-1.2 ± 0.1
17.2 ± 0.0
8.1 ± 0.1
-18.9 ± 0.0
-13.0 ± 0.3
1.2 ± 0.0
-2.4 ± 0.0
1.6 ± 0.0
-4.0 ± 0.0
-8.8 ± 0.0
8.6 ± 0.0
1.5 ± 0.0
-9.4 ± 0.1
6.6 ± 0.5
-5.0 ± 0.3
0.1 ± 0.1
2.0 ± 0.1
-1.7 ± 0.1
-6.1 ± 0.4
2.8 ± 0.8
-9.8 ± 0.3
0.3 ± 0.8
1.8 ± 1.1
3.7 ± 0.1
8.4 ± 0.2
2.8 ± 0.1
-14.3 ± 0.2
-8.8 ± 0.1
11.0 ± 0.0
12.7 ± 0.2
-4.6 ± 0.0
-10.7 ± 0.0
-6.6 ± 0.2
6.6 ± 0.0
-8.1 ± 0.4
-5.6 ± 0.0
-7.4 ± 0.0
5.4 ± 0.0
17.8 ± 0.4
3.4 ± 0.2

(P-band)

%Vabs

%L

%V

12.9 ± 0.4
16.6 ± 0.1
17.4 ± 0.0
10.5 ± 0.0
11.7 ± 0.0
16.7 ± 0.0
15.6 ± 0.0
19.8 ± 0.0
19.5 ± 0.1
9.2 ± 0.0
12.9 ± 0.0
10.1 ± 0.0
11.2 ± 0.0
16.9 ± 0.0
15.1 ± 0.0
13.0 ± 0.0
19.9 ± 0.0
13.3 ± 0.3
11.5 ± 0.2
5.9 ± 0.1
11.1 ± 0.1
13.8 ± 0.0
12.2 ± 0.2
5.7 ± 0.7
12.8 ± 0.2
6.0 ± 0.9
13.1 ± 0.7
14.7 ± 0.0
10.7 ± 0.1
6.0 ± 0.1
14.1 ± 0.5
8.2 ± 0.0
14.6 ± 0.0
12.5 ± 0.1
8.4 ± 0.0
16.6 ± 0.0
11.8 ± 0.1
12.0 ± 0.0
21.6 ± 0.4
14.7 ± 0.0
12.2 ± 0.0
11.0 ± 0.0
12.9 ± 0.2
13.5 ± 0.1

17.5 ± 2.4
13.4 ± 1.3
9.3 ± 0.1
27.7 ± 0.1
14.7 ± 2.0
66.1 ± 0.5
30.8 ± 0.5
37.4 ± 0.2
–
20.8 ± 0.0
–
62.1 ± 0.2
11.9 ± 0.0
8.9 ± 0.0
22.7 ± 0.1
16.0 ± 0.9
11.9 ± 0.4
16.0 ± 1.9
–
27.7 ± 0.7
43.0 ± 7.0
20.2 ± 2.0
43.1 ± 1.7
18.7 ± 5.5
51.6 ± 1.2
84.0 ± 3.9
–
19.6 ± 0.6
12.6 ± 0.2
8.5 ± 0.4
21.0 ± 2.1
54.4 ± 3.7
45.0 ± 0.5
52.0 ± 0.7
74.6 ± 0.0
32.1 ± 0.0
34.3 ± 1.8
23.8 ± 0.5
11.7 ± 0.2
10.3 ± 0.1
19.7 ± 0.0
81.0 ± 1.6
62.4 ± 0.3
96.7 ± 0.4

-0.2 ± 1.0
0.2 ± 0.6
0.3 ± 0.1
-15.4 ± 0.1
-2.8 ± 1.4
26.1 ± 0.7
-4.9 ± 0.6
-10.5 ± 0.2
–
0.6 ± 0.0
–
12.4 ± 0.1
-2.8 ± 0.0
-1.8 ± 0.0
-5.8 ± 0.1
-0.7 ± 0.6
1.0 ± 0.4
-1.3 ± 1.3
–
0.3 ± 0.7
-0.2 ± 2.9
-2.0 ± 1.4
1.0 ± 1.0
0.8 ± 2.3
-23.5 ± 0.8
-1.6 ± 1.9
–
-1.3 ± 0.6
6.0 ± 0.2
5.6 ± 0.6
-8.0 ± 2.0
-1.2 ± 1.7
14.4 ± 0.4
7.8 ± 0.5
0.4 ± 0.0
0.0 ± 0.0
-3.4 ± 1.4
4.9 ± 0.4
-3.5 ± 0.2
-3.1 ± 0.1
3.4 ± 0.0
-0.4 ± 1.2
-5.3 ± 0.3
6.0 ± 0.6

(L-band)

11.4 ± 0.2
11.1 ± 0.0
1.6 ± 2.6
10.5 ± 0.3
8.8 ± 0.0
9.4 ± 0.3
20.0 ± 0.1
14.8 ± 0.0
8.3 ± 0.0
6.9 ± 0.2
?? ± 0.6
0.9 ± 0.3

Table 5: Polarization Information
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%Vabs

(C-band)
2.3 ± 0.8
6.0 ± 0.6
4.3 ± 0.0
15.8 ± 0.0
6.2 ± 0.9
16.8 ± 0.3
10.5 ± 0.3
14.3 ± 0.1
8.5 ± 0.0
13.1 ± 0.0
14.5 ± 0.0
14.1 ± 0.0
16.9 ± 0.0
7.3 ± 0.4
8.7 ± 0.2
9.0 ± 0.7
9.0 ± 0.4
0.1 ± 1.2
6.9 ± 1.1
6.7 ± 0.8
4.0 ± 2.3
13.1 ± 0.4
4.1 ± 1.7
9.7 ± 0.3
10.2 ± 0.1
3.5 ± 0.2
7.3 ± 0.9
1.6 ± 1.1
11.1 ± 0.1
10.4 ± 0.3
3.8 ± 0.0
14.1 ± 0.0
4.9 ± 0.7
12.2 ± 0.2
13.6 ± 0.1
11.8 ± 0.1
15.7 ± 0.0
1.6 ± 0.8
7.8 ± 0.1
9.2 ± 0.3
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Figure A1. Average profiles of PSRs B0301+19, B0523+11, and B0525+21.
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Figure A2. Average profiles of PSRs B0540+23, B0609+37, and B0611+22.
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Figure A3. Average profiles of PSRs B0626+24, B0656+14, and B0751+32.
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Figure A4. Average profiles of PSRs B0823+26, B0834+06, and B0919+06.
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Figure A5. Average profiles of PSRs B0950+08, B1133+16, and B1237+25.
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Figure A6. Average profiles of PSRs B1530+27, B1541+09, and B1612+07.
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Figure A7. Average profiles of PSRs B1633+24, B1737+13, and B1821+05.
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Figure A8. Average profiles of PSRs B1839+09, B1842+14, and B1848+12.
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Figure A9. Average profiles of PSRs B1848+13, B1853+01, and B1855+09.
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Figure A10. Average profiles of PSRs B1859+03, B1900+01, and B1900+06.
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Figure A11. Average profiles of PSRs B1910+20, B1915+13, and B1916+14.
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Figure A12. Average profiles of PSRs B1924+16, B1929+10, and B1933+16.
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Figure A13. Average profiles of PSRs B1935+25, B1946+35, and B1952+29.
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Figure A14. Average profiles of PSRs B2016+28, B2020+28, and J0538+2817.
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Figure A15. Average profiles of PSRs J0627+0649, and J1740+1000.
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Figure B1. PHPs of PSR’s B0301+19, B0523+11, and B0525+21.
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Figure B2. PHPs of PSR’s B0540+23, B0609+37, and B0611+22.
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Figure B3. PHPs of PSR’s B0626+24, B0656+14, and B0751+32.
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Figure B4. PHPs of PSR’s B0823+26, B0834+06, and B0919+06.
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Figure B5. PHPs of PSR’s B0950+08, B1133+16, and B1237+25.
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Figure B6. PHPs of PSR’s B1530+27, B1541+09, and B1612+07.
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Figure B7. PHPs of PSR’s B1633+24, B1737+13, and B1821+05.
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Figure B8. PHPs of PSR’s B1839+09, B1842+14, and B1848+12.
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Figure B9. PHPs of PSR’s B1848+13 and B1853+01.
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Figure B10. PHPs of PSR’s B1859+03, B1900+01, and B1900+06.
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Figure B11. PHPs of PSR’s B1910+20, B1915+13, and B1916+14.
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Figure B12. PHPs of PSR’s B1924+16, B1929+10, and B1933+16.
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Figure B13. PHPs of PSR’s B1935+25, B1946+35, and B1952+29.
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Figure B14. PHPs of PSR’s B2016+28, B2020+28, and J0538+2817.
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Chapter 3
Understanding The Beamforms and
Emission Dynamics of Pulsars
B0540+23, B0611+22, & B0656+14

3.1

Background

An ongoing project outgrown from the survey project. The three pulsars have long
been interesting because of their highly delayed steepest gradient points, typically the
sign of strong A/R effects. Almost all of the observations were carried out by myself
along with their analysis. This project is still in a preliminary stage.
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ABSTRACT

Pulsars B0540+23, B0611+22, and B0656+14 have long stood out as abnormal among their
peers. We have studied each in an attempt to find evidence of core or conal emission, the
predominant form of emission in slow rotation powered pulsars. Over a broad frequency
range, the three pulsars exhibit aspects of both emission types.
Key words: keyword1 – keyword2 – keyword3

1

INTRODUCTION

Radio pulsar profiles and single-pulse modulation dynamics provide
important clues to the mechanisms of pulsar emission. Most slow
(or Slow Rotation Powered Pulsars; hereafter SRPPs) and a small
number of millisecond Pulsars (MSPs) can be understood in terms of
the core/double-cone (C/DC) beam model (Rankin 1993a,b). Thus
the existence of SRPP’s that lack a definitive C/DC structure raise
interesting phenomenological questions; are the emission physics
of these pulsars different from other SRPP’s?
Three relatively bright and fast pulsars in the Arecibo sky have
long stood as dissonant examples here, B0540+23, B0611+22 and
B0656+14. Each has a single, highly linearly polarized profile that
shows relatively little evolution with frequency, and each has a linear
polarization angle (hereafter PPA) traverse whose steepest gradient
(SG) falls conspicuously late with respect to the profile center. Lyne
& Manchester (1988) questioned whether B0540+23 might be an
example of a “partial cone” and viewed the others’ emission as
conal. Each has attracted investigations of their peculiar emission
properties (Nowakowski 1991; Mitra & Rankin 2011; Seymour et
al 2014; Weltevrede et al 2006a,b) with some claims of subpulse
drift, which might usually imply a (conal) subbeam carousel.
By contrast, we have tended to see these pulsars as dominated by core emission (Rankin 1993b), though none have seemed
to exhibit the high frequency conal “outriders” or antisymmetric
circular polarization often associated with core single (St ) pulsars.
Pulsars with acceleration potentials (B12 /P2 , where B is the surface
magnetic field and P the rotation period) larger than about 2.5 or
equivalently, spindown energies larger than some 1030 ergs/s (Mitra et al 2016)—as is well so for all three pulsars—tend to feature
core-dominated profiles. Nor were we convinced about the claims
of subpulse drift, as none of the three show prominent modulation
features (Weltevrede et al 2006, 2007).
?

E-mail: Timothy.Olszanski@uvm.edu

Recent work has shown that the pulsar population exhibits a
boundary line between conal and core dominated profiles. This was
seen as far back by Rankin (1990), in her study of profile populations
and our recent work on B0823+26 (Rankin, Olszanski, & Wright
2019) finds a pulsar whose transitions between a purely core/conal
emission mode are suggestive of a critical transition point in pulsar
emission. B0823+26 falls very near to this boundary line; our three
pulsars do not.
At higher frequencies, all three pulsars also show a migration inward of the SG. If radio emission occurs at a significant
height, aberration/retardation can cause timing delays. First described by Blaskiewicz et al (1991) and later corrected by Dyks
et al (2004), the two effects shift the emission earlier and ϕo later
by equal amounts relative to the longitude of the magnetic axis in
between. The total shift ∆t for an emission height h is then 4h/c
[=∆ϕP/360◦ ], where c is the speed of light.
In order to further explore the emission characteristics of these
three pulsars, we have conducted a series of 2+-hour Arecibo rise-toset, polarimetric pulse-sequence observations at 0.33, 1.4, and 4.5
GHz. In order to obtain an accurate estimate of A/R effects, we have
conducted a series of short consecutive observations to establish
the relative timing offsets (TOs) and thus the multi-frequency phase
relationships (MFPR’s) of the three pulsars.
All three pulsars exhibit large fractional linear polarization
and (what appear to be) well defined PPA traverses that follow the
rotating vector model (hereafter RVM) of Radakrishnan & Cooke
(1969) and Komesaroff (1970):
sin α sin(ϕ − ϕo )
(1)
tan ( χ − χo ) =
cos α cos ζ cos(ϕ − ϕo ) − sin α sin ζ
where α is the magnetic colatitude, ϕo and χo the location of the
inflection point, and ζ and β are the impact angles of the magnetic
and rotation axes with our line of sight, such that ζ = α + β. The
maximum sweep rate of the PPA traverse is then R [= sin α/sin β]
at ϕo .
Core radiation primarily represents the extraordinary (X) prop-
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agation mode, which is polarized ⊥ to B in the emitting region
(Rankin 2015). This orientation can be estimated from a pulsar’s
proper motion (hereafter PM), which for young pulsars is usually ||
to the direction of a pulsar’s rotation axis Ω on the sky. All three
pulsars have measured proper motions (Hobbs et al 2004), so their
Faraday derotated fiducial PPAs χo should in turn be orthogonal to
Ω and thus their PM directions.
Furthermore, if the primary profile features of the three pulsar are indeed core components, then their widths should reflect
the angular diameters ∆ of their polar caps at the stellar surface,
2.45◦ /P1/2 . However, their observed widths reflect a further factor
of csc α, so that the expected core component width W = ∆/sin α.
Conventionally, this is taken as the half power width of the core
component at 1 GHz (Rankin 1990, 1993a).
When perceptible, conal emission usually occurs as pairs of
“outriders” for the central sightline traverses that encounter core
beams. Assuming a roughly dipolar field, the conal beam radius ρ
can be computed as
ρ = cos−1 [cos β − 2 sin α sin ζ sin2 (W50 /4)]

leaves small PPA errors at C and L bands, corresponding to a RM
error of perhaps 0.5 rad-m2 , so that the PPAs can be directly compared at C and L band. Such an error is sufficiently large, however,
that the P-band observations have no meaningful absolute reference.
In those cases, we have manually rotated the PPA for comparison
purposes.
Pulsar
(B1950)

B0540+23
P = 0.246 s
DM = 77.7
pc/cm3
RM = +2.7
rad m2

(2)

where W50 the half power conal component width. Conal beams are
of two types; inner cone radii show little variation with frequency,
whereas outer cones usually exhibit a weak dependence on wavelength. The two have specific outside half-power dimensions at 1
GHz as follows:
ρouter = 5◦ .75P−1/2

ρinner = 4◦ .33P−1/2

B0611+22
P = 0.335 s
DM = 96.9
pc/cm3
RM = +66.0
rad m2

(3)

Finally, two polarization modes characteristically occur in pulsar radiation. We mentioned the X mode above, but the ordinary Omode is also usually represented. These roughly orthogonal linearly
polarized signals produce much or most of the depolarized power
seen in pulse sequences and profile. This polarization mode mixing
occurs on widely different time scales ranging from nanoseconds to
seconds.
In §2 we discuss the observations and their processing, and in
§§3, 4, and 5 the three pulsars and their analyses are presented.
2

B0656+14
P = 0.385 s
DM = 13.9
pc/cm3
RM = +23.0
rad m2

OBSERVATIONS

Observations (Table 1) were carried out using Arecibo’s Mock Spectrometers1 in single pixel mode2 . Each spectrometer was configured
with bandwidths of 13.3, 85, and 170 MHz at 327 MHz (P-band),
1.4 GHz (L-band), and 4.6 GHz (C-band), respectively. Four Mocks
were used in combination at P-band and L-band to give total bandwidths of 50 and 340 MHz, whereas seven Mocks were used at
C-band to give a total bandwidth of 1 GHz.
For calculating uncertainties in polarization, Monte Carlo
methods similar to those described by Mitra et al (2016) were used.
While component widths were mostly estimated by eye, sample
resolution carries a fundamental uncertainty in width of
s


rms 2
σ = res x 1 +
(4)
I

where res is the resolution, rms is the off pulse root mean square, and
I is the measured signal level as described by Kijak & Gil (1997)
RM measures were either measured or taken from tabulated
values. The PPA’s were then derotated to infinite frequency. This
1
2

http://www.naic.edu/ phil/hardware/pdev/pdev.html
http://www.naic.edu/ phil/hardware/pdev/singlePixelSpecs.html

νcenter
(GHz)

MJD

Npulses

0.326
–
1.4
–
–

57845
58081
55723
57003
57956

30824
4155
2437
1217
39220

–

58081

4161

4.6
–
–

57271
57292
58081

1337
2211
4161

0.326
–
1.4
–
–

57846
58081
57004
57867
58081

20233
5987
894
20882
2998

–

58476

3576

4.6
–
–
–

57271
57292
58081
58476

1238
2734
5999
25400

0.326
–
–
1.4
–
–

57846
58081
58106
55522
56423
58081

2799
2008
24150
2799
2799
2799

–

58113

16740

–
4.6
–
–
–
–

58437
57292
58081
58289
58437
58447

????
2608
2608
4051
3112
21079

Table 1: Observation Information

2.1

RFI Removal

Radio Frequency Interference (RFI) typically manifests itself in
the single pulses as a high intensity streak of uneven structure. To
counter the noise injected into the pulse-sequence by RFI, pulses
with high off-pulse noise were removed from the integration procedure.
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2.2

RVM Fits and Inflection Points

3

While the length of the observations often provided well-defined
SGs and sweep rates estimable by eye, we encountered a few situations where the SG remained difficult to identify; in those cases
we used the PSRSALSA3 analysis package (Weltevrede 2016) to
produce fits of the RVM curve.
2.3

Timing Offsets

Table 2 details the phase relations of the three pulsars. For two
frequencies, timing models were used to determine the first sample’s
pulse phase and establish the profile offset. In measuring our offsets,
we have defined a positive delay to be the higher frequency profile
as leading. The profile offset can be used to shift the absolute peak
location such that the delay between profiles is simply the distance
between the transformed and lower frequency peak. If delays are
present, the offset will not be an integer number of periods.
Although small errors in the DM can dramatically influence
the P/L-band offsets, the C-band offsets are expected to remain
relatively unaffected by interstellar dispersion. However, we find
that the C-band peaks display large offsets with respect to those
predicted by SGs. Furthermore, while the direction of delay (earlier
or lagged) depends on the relation between the profile and beam
path, it would be expected that the C-band emission should arrive
much sooner than the other frequencies if the delays follow from
A/R. Yet in some cases, we find that the C-band emission arrives
appreciably closer to the other frequencies emission than that of
SG, at least indicating on a surface level that some sort of delay is
present in the C-band emission. We shall discuss this on a case by
case basis.

ν
(GHz)

B0540+23
(◦ )

B0611+22
(◦ )

B0656+14
(◦ )

0.327
1.5 GHz
4.5 GHz

0.0
–7.6 ± 0.2
–10.0 ± 0.4

0.0
–3.6 ± 0.3
12.3 ± 0.6

0.0
5.9 ± 0.4
–8.4 ± 4

Table 2: Relative Timing Offsets for the three pulsars. For convenience, the P-band profile peak has been taken as the origin.

ν
(GHz)

B0540+23
(◦ )

B0611+22
(◦ )

B0656+14
(◦ )

0.327
1.5 GHz
4.5 GHz

58.2
3.2
.24

41.7
.23
.17

36.3
.20
.15

Table 3: Dispersion time shifts with respect to infinite frequency
for DM errors of one unit.
3

3.1

B0540+23
Introduction

We find the P-band profile to show characteristics of both core and
conal emission. This is contrasted by conal-dominated emission at
higher frequencies. Indeed, the case for ‘partial cone’ is strong, as
we find evidence for coherent drift at high frequencies.
Figure 1 contains integrated profiles for the observed frequency
range. A weak structure can be seen lingering on the trailing P-band
profile while higher frequencies clearly show a profile more akin
to that of a single component. Polarization also shows an overall
decrease with frequency; this is primarily caused by the sustained
development of an orthogonal polarization mode (OPM) near the
profile center. Curiously, a segment of the OPM lies offset less than
90◦ at C-band.
3.2

Geometry

cap
(◦ )

W50
(◦ )

αmeasured
(◦ )

α f itted
(◦ )

β f itted
(◦ )

4.9

7.7

40

140.

-13.6

Table 4: B0540+23’s P-band Geometry Information
To better understand the component structures, we have computed two types of pulse histograms. The first is formed by a longitude histogram of intensity maximi. This has the simple effect
of forming contour outlines of sub-pulse structures (hereafter Peak
Histogram PH). The second type involves integrating pulses with
a certain longitude maximi (hereafter; Integrated Peak Histograms
IPH). Figure 2 shows PHs for three observations of B0540+23 while
Figure 3 shows IPHs for the same three observations.
What is clear from the P-band profiles in Figure 2 and 3 are
the distinction of at least 4 components. C1 (–10◦ to –5◦ ), C2 (–5◦
◦
to 7 ), C3 (10◦ to 25◦ ), and C4 (8◦ to 10◦ ). The P-band integrated
profile has a weak tail of emission that extends out to at least 40◦ ,
past the extent of C3. It is likely that this is a fifth emission region
(hereafter C5). At P-band. we find that taking C4 as core emission
paints a consistent story with other aspects of emission.
First, using the PSRSALSA analysis package, we obtained
RVM fits for the three frequencies by applying a grid-based search
for solutions of α and β (Rookyard et al. 2015). While the fitted
sweep rates and SG are listed in Table 5, the P-band best fit parameters are listed in Table 4 along with the estimated core half width.
The α derived from our P-band fit would suggest a component width
nearly identical to what we’ve measured for C4.
What about the higher frequency emission? Clearly there are
some similarities with the P-band structure, indeed we see that the
C1 component appears similar in form to the others peaks while
C2 looks much like the L-band component at 10◦ . The L-band
integrated profile also shows emission far on the trailing side. This
can be seen in weakly in the single-pulses, and shows very little
motion. Yet there is no trace of the C4 component, which simply
drops out of both the integrated and histogram plots. Indeed the
question of how the two frequencies overlap brings us to our next
subject, how A/R affects B0540+23’s emission and in what way the
three frequencies align.

https://github.com/weltevrede/psrsalsa
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Figure 1. The frequency evolution of B0540+23’s total emission. In the top panel are displayed the intensity (black solid line), linear polarization (green dotted
line), and circular polarization (purple dash-dotted line) with the orange vertical lines marking the W10 . The bottom plots detail the PPA track (dotted blue)
with error bars and single pulse PA plotted for L > 3σ L . Both the 4.5 and 1.5 GHz PPA tracks are absolute, while the P-band profile has been rotated for
comparison purposes.

Figure 2. Peak Histograms (PHs) for three observations of B0540+23 with every tenth contour plotted. Note the three component’s visible at both P-band and
C-band.

3.3

Alignments
ν
(GHz)

ψ f itted
(◦ )

ϕ f itted
(◦ )

R
(◦ /◦ )

0.327
1.5
4.5

67.5
-71.2
-70.4

25.3
19.8
11.0

–2.7
–3.5
–4.9

Table 5: B0540+23’s PPA parameters
Our measured alignments are listed in Table 2. Table 5 lists
the fitted PPA parameters while Figure 5 shows profiles aligned
with respect to the SG. These are contrasted with the actual timing

offsets in Figure 4. It is immediately obvious how sweep rate of the
PPA track steepens with frequency. This is very interesting, as the
sweep rate of pulsars should stay constant at all frequencies under the
assumptions of the RVM model. It has been suggested that emission
at very high emission heights may experience relativistic effects that
could change the steepness of the PPA track. It is possible that each
frequencies emission is coming from a significantly different height,
this would reflect in the PPA track.
Surprisingly, the timing offsets directly conflict with the alignments by SG. While small errors in the dispersion could significantly
alter peak displacement, especially at lower frequencies such as Pband, the error necessary to explain the delay of the 4.5 GHz peak is
unrealistically large. And furthermore, in the case of an error in the
DM, the two lower frequencies should follow their SG alignment.
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Figure 3. Integrated Peak Histograms (IPHs) for three observations of B0540+23.

have seen that the L-band peak has more in common with C1 than
C4 in terms of structure.
.327 GHz

1.5 GHz

4.5 GHz

(◦ )

(◦ )

(◦ )

0.

5.8 ± 0.2

4.1 ± .4

DM
Correction
(pc/cm−3 )
–.24

Table 6: B0540+23’s Dispersion corrected TOs as well as DM
correction.
3.3.1

Figure 4. B0540+23’s PPA tracks aligned by dispersion corrected TOs. Top
Panel: Intensity (black), L (Green), and V (purple) for three frequencies
(P/L/C dashed-dotted, dashed, and solid. Bottom Panel: Single pulse position angles of the three frequencies with over plotted PPA tracks (P/L/C
Orange, Red, & Blue. To attain the maximum contrast, each frequency’s PA
has been rotated an arbitrary amount.

We have calculated such an alignment and the required DM error in
Table 6 and Figure 4. Assuming the core component experiences no
A/R shifts, it would suggest the C-band peak aligning with C4. But
we do not see core emission at higher frequencies, and furthermore
as we soon shall see, the C-band single-pulses makes a strong case
for a conal single profile. thus it is hard to imagine a dispersion
error causing this delay between P-band and L-band. As well, the
alignment by SG would suggest the L-band’s primary component
as being locationally synonymous with the core component. But we

Harmonic Resolved Fluctuation Spectra

We used Harmonic Resolved Fluctuation Spectra (HRF’s) to investigate the modulation properties of the single pulses. Unlike a
Longitudinal Fluctuation Spectra (LRF), which is the Fourier transform of the binned longitudes, an HRF is the frequency transform
of the original unbinned time-series. Off-pulse emission can be
blanked from the time series; this essentially acts as a windowing
function for the FT to only MP emission, improving the HRF sensitivity. In the Fourier domain, frequencies are stacked around period
multiples to produce a 2-D array comprised of period harmonics
and frequency. For further details about how HRF’s are both defined and preformed, see Deshpande & Rankin (2001). The HRF
is equivalent with the 2DLRFS as noted by Edwards & Stappers
(2006). One of the primary benefits an HRF provides are the ability
to resolve aliasing effects and distinguish between amplitude and
phase modulated features. If amplitude modulation is present, the
total modulated power will be equally distributed to its individual
harmonics. The power is phase modulated if it does not meet this
condition.
Figure 7 shows an HRF spectra for MJD 57271 at C-band.
The HRF can be computed for individual pulse stacks and averaged
together to produce an average spectra, but for this observation we
used the full pulse sequence. Two features are prominent in the
integral spectrum; one centered at 0.9607P−1 (hereafter F1), and
the other at 0.0482P−1 (F2). While it would be logical to assume the
two are harmonically related, a first order alias of F1 would fall near
0.039P−1 . This is not only outside the error range of F2, but also is
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Figure 5. B0540+23’s Alignment by SG.

Figure 7. B0540+23 HRF. On the vertical axis are plotted the period
harmonics, and on the horizontal is plotted the integrated spectra for the
first 100 harmonics. Notice the phase dependent power at around .96P −1
and .0482P −1

3.4

Figure 6. B0540+23’s PPA tracks aligned by uncorrected TOs.

in an area of the spectrum devoid of power, suggesting F1 is phase
modulated. Then what does F2 represent? It is fascinating to point
out that the ratio of F1 to F2 is very close to 20. Recall that pulsars
with conal emission should have a carousal rotation time; this is the
fundamental period multiplied by the number of beamlets present
on the pulsar polar cap. The only pulsar with a well demonstrated
drift is B0943+10; a pulsar whose beamlets measure 20.

Modulation Folds

For both observations, we preformed a modulation fold (Deshpande
& Rankin 2001) for both F2 and F1 shown in Figures 8 & 10, and
Figures 9 & 10. Both modfolds resolves a prominent drift band. Remarkably, the only difference between the two observations appear
to be in the distribution of power through the cycle. In 57292, most
of the power appears concentrated in a short single segment of the
band. This is contrasted by 57271, where the power is concentrated
over two segments of the band bridged by a weaker pulse. Clearly,
the spark behaviour is changing in this pulsar on recognizable time
scales. Both modfolds at the circulation time share a similar patterning, albeit with minor differences in intensity concentrations. The
consistency between the F2 modfolds serves as strong evidence that
B0540+23 has a precise circulation time. These modfolds serve as
strong evidence that at C-band we see coherent drift. Furthermore,
a re-inspection of Figure 3 & 4, we see a dual component structure,
something typical of a conal single profile.
3.5

Lag Correlations

Longitude-longitude correlations can provide unique insights into
the behaviour of the single pulses. Figure 12 shows a collage of
delays arranged from top to bottom at P-band to C-band. For lags
that number greater than 0, we have plotted the positive (+ve) delays
above the diagonal and negative (–ve) delays below. Delays are
defined with respect to a reference pulse RP, imagined as bridging
positive and negative delays. In the case of the 0-lag plots, the
correlation both above and below the diagonal are mere reflections
of each other. The L-band 57956 observation was subjected to a
large degree of RFI which has shown up as extended pockets of
correlation on the reaches of the pulse window.
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Figure 8. Modfold of fundamental P3 for B0540+23 C-band 57271 observation. A single drift band is clearly present. The interval has been plotted
twice for comparison purposes.

Figure 9. Modfold of fundamental P3 for B0540+23 C-band 57292 observation. A single drift band is still evident, but the spark configuration
has clearly changed. The interval has been plotted twice for comparison
purposes.

3.5.1 Delay 0
Prominent are the side-lobes of +ve correlation connecting the leading and trailing part of the profile. At higher frequencies, the offdiagonal correlation gains in extension, suggesting a window like
shape to the regions emission.

Figure 10. Modfold of the apparent circulation time for the B0540+23
C-band 57271 observation.

Figure 11. Modfold of the apparent circulation time for the B0540+23
C-band 57292 observation.

3.5.2

Delay ± 2

For the P-band two pulse delays, a strong patch of connection is
evident between the tail and profile lead. Below the diagonal, we
see that –2 pulse delays feature a +ve correlation between the leading
and trailing profile parts that breaks into three regions; a strongly
correlated leading component (–10◦ to 0◦ ), a continuing region of
high correlation on the peak component’s trailing side (0◦ to 8◦ ),
and finally a weaker plateau of correlation that lasts to the profile
edge ( 10◦ to 25◦ ). These three regions overlap with components C1,
C2, and C3 of Figure 3. Above the diagonal, we still see the highly
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Figure 12. Lag-lag plots for P-band (Top), L-band (Middle), and C-band (bottom). The positive delays are plotted above the diagonal, with negative delays
below. From left to right are delays of 0, 2, 4, 6, and 8.

Figure 13. The frequency evolution of B0611+22’s total emission. In the top panel are displayed the intensity (black solid line), linear polarization (green
dotted line), and circular polarization (purple dash-dotted line) with the orange vertical lines marking the W10 . The bottom plots detail the PPA track (dotted
blue) with error bars and single pulse PA plotted for L > 3σ L
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Figure 14. Peak Histograms (PHs) for three observations of B0611+22.

correlated leading region here along with a decreased correlation of
the second region, but the trail changes to become anti-correlated
with the leading component. This is direct evidence for drift. To
understand why, we can imagine two scenarios. We know that C3’s
–2 pulse emission is correlated with C1 of the RP. In the case that it
is correlated emission, it suggests that for the positive delay, C3 will
experience a weak pulse or null along with decreased correlation in
C2. Likewise, if C3 and C1 are correlated nulls, it suggests C3 as
an active component two pulses after the RP. At higher delays, we
see that the above-diagonal C3 breaks into a bi-correlated region,
suggesting a window of correlated emission across the profile. If we
have a drift-band with a fixed direction of drift, we would expect
to see the very same effect. As the drift band moves across the
pulse profile, it will create pockets of flipping correlations that are
windowed in shape. Where evidence is clear of two to four conal
components, we also point out the on-diagonal power at P-band
around 9◦ . This region is interesting as it does not appear to show
any phase-dependent correlation and especially at higher delays
appears to form a solitary bubble of +ve correlation that remains
independent of delay; this overlaps with region C4 from Figure 3.
A similarly located feature can be found in both the L-band and
C-band lag-lag plots, but it differs in one major way; it changes
correlation sign at higher delays. This suggests it does participates
the cycle, and thus acts differently than the on-diagonal power at
P-band. The singular sign of correlation suggests that at least some
part of the emission in C4 is independent of the directional cycle
dominating the profile wings while a lesser amount of power still
participates. If C2 and C3 were an inner cone pair and C4 were a
sporadically present core components, then a portion of C2/C3’s
power would overlap with the dormant core’s location. This would
explain what we see in the P-band correlation plots; that is when
the core is dormant, the conal emission drifts across the nulled core
which shows up as cyclic correlation in our delay plots. This is
contrasted by the on-diagonal power which can be associated with
that of the active core emission.
3.6

Discussion

at high frequencies. Furthermore, the steepening of the PPA track
and shifting of the SG at higher frequencies suggest a change in
the A/R present. The switch to coherent drifting at high frequencies
is incredibly interesting, and further long observations can reveal
more about the pulse dynamics at play.
4 B0611+22
4.1

Introduction

This pulsar is well known for its ‘bursting’ bi-modes of emission, a
thorough study of which were conducted by Seymour et al (2014).
Indeed, this pulsar is also interesting for the evolution of its PPA
track; going from a shallow distorted PPA track at low frequencies
to a much sharper curve at 4.5 GHz as seen in Figure 13. This is
again reminiscent of B0540+23’s emission. It is further interesting
to see the setting in of depolarization at high frequencies, yet unlike
B0540+23, no apparent secondary mode appears.
4.2

Geometry

Wcore
(◦ )

α
(◦ )

β
(◦ )

Wcone
(◦ )

ρ
(◦ )

ρic
(◦ )

4.4
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5

11.1

7.3

7.4

Table 7: B0611+22 Geometry Table

The PHs are suggestive of two weakly present components,
and assuming the central component as core, geometry calculations
would identify them squarely in the range of inner cones. This would
agree well with their frequency evolution, as they do not appear to
shift location between 327 MHz and 1.5 GHz. Table 7 lists the
geometry values.

Overall we demonstrate that B0540+23 shows strong evidence of
both core and cone emission, changing dramatically between the two
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Figure 15. B0611+22’s single pulse emission at L-band. Note the periodic modulation between the two emission modes.

4.3

Figure 16. B0611+22’s Alignment by SG. PA rotation was applied to all
the curves for contrasting purposes.

While the overall trend is similar between Figures 16 & 17,
the delay between 1.5 & 4.5 GHz is still much too high for what we
expect for A/R.

Alignments

ν
(GHz)

ψo
(◦ )

ϕo
(◦ )

ψ f itted
(◦ )

ϕ f itted
(◦ )

R
( ◦ /◦ )

.327 GHz

0.327

32.4
(56.9)
–55.8

1.9
(6.4)
6.7

70.7

12.7

(◦ )

(◦ )

(◦ )

82.9

7.7

2.8
(4.9)
12.4

0.

5. ± 0.2

20.9 ± .4

71.1

5.5

–85?

7-8?

12.1?

1.5
GHz
4.5
GHz

1.5 GHz

4.5 GHz

DM
Correction
(pc/cm−3 )
–.21

Table 9: B0611+22’s Dispersion corrected TOs as well as DM
correction.

Table 8: B0611+22’s PPA parameters

Table 8 details B0611+22’s multi-frequency PPA parameters.
Due to the previously mentioned trailing distortion at P-band, a
severe flatting out of the curve occurs. This leads to a significant
reduction in the measured sweep rate as well as shifting the location
of the SG closer to the profile peak. An effort was made to isolate
the top half due to its similarity with the higher frequency PPA
tracks albeit with a lower sweep rate. The estimated SG and sweep
rate of this isolated PPA track are listed in parenthesis in Table 8 in
addition to the non-separated SG and sweep rate. From hereon out,
we shall take the fitted value of the distorted SG as accepted.
Immediately, we see that again our timing alignments disagree
with the alignments of SG but unlike B0540+23, a dispersion correction between 327 MHz and 1.5 GHz achieves a reasonable agreement. Furthermore, the correction’s magnitude also falls within the
range of error indicated for this DM.

4.4 Modulation Features
HRFs reveal the presence of a phase modulated fluctuation feature
at C-band. Phased power usually signals the presence of drift. To
further investigate, we took HRFs (Figure 19) of 128 pulses long,
stacking them to give an average spectra; a distinct peak can be
seen around 0.12 P. We probed the feature’s coherence by averaging
the first 100 harmonics of each stack, then forming a "jitter" plot
(Stack length vs Frequency, with color denoting power). Although
the feature appears to be partly variable, it remains constrained to
a remarkably consistent frequency range. From the jitter plot, we
estimate a P3 = 0.12 ± 0.04. Furthermore, the weak appearance of
secondary features are apparent. Whether these are related to RFI
or are actual periodicity’s remains to be investigated. HRFs of the
full pulse sequence (Figure 21) distinctly resolve these secondary
peaks, but the harmonics show equal power. Thus, it is hard to infer
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Figure 17. B0611+22’s Dispersion Corrected Timing Offsets. PA rotation
was applied to the P-band curve for contrasting purposes.

Figure 19. ‘Jitter’ plot for B0611+22, plotted are the integrated HRF spectra
for 128 pulse stacks, as a function of stack count. Notice the variation of the
fluctuation signal.

pulsar. In either case, this pulsar does show aspects of both core and
conal emission.
5 B0656+14
5.1 Introduction

Figure 18. B0611+22’s Timing Offsets. PA rotation was applied to the
P-band curve for contrasting purposes.

if this is a phased or a quasi-periodic amplitude modulation without
conducting a more detailed study of the single pulses.
4.5

Discussion

B0611+22’s high frequency emission appears to be distinctly different from its lower frequency emission. This coupled with its large
offset from the lower frequency appears to conflict with we can infer
from A/R. Clearly, much yet remains to be understood about this

Weltevrede et al (2006) noted B0656+14 for its rather unique single
pulse characteristics. The pulse sequence is comprised of a primary
spiked emission inter-layered with a broader weak emission. The
inconsistency of the spiked emission causes an unusually large degree of instability in the integrated profile. Aside from its interesting
characteristics in radio, B0656+14 is also noted for its presence over
a wide range of frequencies (see Durant et al 2015) and references
therein).
We find that similar to the other two pulsars, some aspects of
a distinct component structure linger in the flared emission, yet the
structure remains complicated.
At low frequencies, the profile displays a jagged profile, progressively organizing at higher frequencies. At high frequencies, the
polarization decreases, with the presence of dual OPMs appearing
on the profile edges. This is reminiscent of edge depolarization, a
characteristic seen in pulsars which possess outer cones.
5.2

Possible Mode Change

In two of our 4.5 GHz frequency observations, we observed distinct
emission modes. In the case of the 58239 observation, we clearly
see the pulsar appear to come out of a weak emission mode. This
is evidenced by Figure 22 & 24 which displays the integrated pulse
energies and pulse stack, and Figure 23 which shows the integrated
profile of the first 1000 pulses. While it would be natural to assume
interstellar scintillation, the timescales of the intensity changes are
much too short.
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Figure 20. The Frequency Evolution of B0656+14’s emission.

Pulse Energy Time Series for B0656+14 at 4.5 GHz
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Figure 22. Integrated pulse energies of B0656+14’s C-band emission.

5.3

Geometry
The fitted parameters or the PPA track are listed in Table 10.

Figure 21. Full HRF. Notice the three harmonics that are apparent.

A second observation also showed this behaviour, which was
the rise to set observation 58457. In that observation, a clear cycling between a brighter and weaker mode of emission, separated
by about 1000 pulses of weak emission occurred. These regions
also show evidence of different profile characters, predominantly
in their polarization. It is interesting to point out that the brighter
emission mode corresponds with a flaring up of the profile’s central
component, suggesting a link with core emission.

ν
(GHz)

ψo
(◦ )

ϕo
(◦ )

ψ f itted
(◦ )

ϕ f itted
(◦ )

R
( ◦ /◦ )

0.327
1.5
GHz
4.5
GHz

.5
–83.4

18.8
14.8

6.4
–70.8

16.9
11.6

–2.6
–3.8

–65

12?

–65.3

14.9??

–4?.

Table 10: B0656+14’s PPA parameters
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Figure 23. B0656+14’s Possible Weak mode.
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Figure 24. B0656+14’s Single pulse stacks at 4.5 GHz.

6 CONCLUSION
For all three pulsars, we have found evidence for mixed core and
conal emission. In at least one case, B0540+23, we have shown
that at high frequencies the emission resembles B0943+10-like drift
while the other two pulsars show clear evidence of phase modulated
power. While aberrated pulsars maintain strange emission characteristics from other SRPPs, we find that they still exhibit aspects of
the C/DC model that continues to define the pulsar population as a
whole.
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Chapter 4
Arecibo Radio Investigations of the
Bright and Quiet Modes of Pulsar B0823+26

4.1

Background

Dr. Joanna Rankin has long been involved with the collaboration of Hermsen et
al (2018) [28], and organized a radio followup to this pulsar as a contribution to
that work. I was involved with coordinating the initial observation campaign and
data reduction of these observations. Upon close inspection, we found our results
too expansive to reasonably fit in Hermsen et al (2018) [28], and instead formed
this new work. Along the way, we involved Dr. Geoff Wright, who helped lay a
strong theoretical framework for the later discussion of this pulsar’s geometry and
line of sight. This work has served as a strong three way collaboration, with Dr.
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Joanna Rankin providing the collaboration oversight, myself the in-depth analysis and
amalgamation of observational facts, and Dr. Geoff Wright, with his deep physical
intuition on all things pulsar.
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ABSTRACT

In an effort to more fully investigate the radio frequency emission properties of pulsar
B0823+26, we have made eight new Arecibo 2+-hour rise-to-set observations of the
pulsar, mostly at 327 MHz (P band) but several at 1.4 GHz (L band) as well. Among
these were three where the pulsar was fully in its weak or quiescent (Q) mode and a
fourth where a transition was observed from the bright (B) to the weak mode. Main
results:
• The pulsar’s main pulse (MP), postcursor (PC) and interpulse (IP) components,
present in the B mode, have counterparts in the Q-mode emission, albeit much
weaker. However at both frequencies the Q mode has emission around 90◦ following
the MP.
• The emission in both modes is highly modulated: in the MP of the B mode it undergoes a cycle of about 5 stellar rotations in length with very bright core-emissiondominated single pulses bracketed by weak, more conal pulses or null pulses. This
modulation, including the nulls, are shared by the PC and the IP, indicating a high
degree of interaction within the magnetosphere.
• In the Q mode we confirm that the emission consists of bright occasional pulses
(Sobey et al. 2016) but we also discover that this has a modulation timescale of
roughly three times that of the B-mode cycle ≈ 17P .
• The Q-mode MP profile is a two-peaked conal profile, and looks like the B-mode
MP without its core component.
• The B to Q mode transition found in one observation consists of a drop in
intensity over 150 pulses followed by intermittent ’flickering’.
Key words: pulsars: B0823+26, polarization, non-thermal radiation mechanisms

1

INTRODUCTION

PSR B0823+26 (nee AP 0823) was one of the very first pulsars to be discovered by the Arecibo Ionospheric Observatory (Craft et al. 1968), and has been an object of intensive
study by astronomers over the last half century. The early
discovery (Backer 1973) of an interpulse (IP) some 180◦ from
the pulsar’s main pulse (MP) has led to the widespread belief (e.g., Hankins & Fowler 1986) that B0823+26’s magnetic
axis is perpendicular to its rotation axis so that we catch a
glimpse of both magnetic poles. The MP profile was also
later found (Backer 1973?) to be followed some 30◦ by a
postcursor (PC), a feature pulsars possess that is both unusual and not yet fully understood (Basu et al. 2014) in

⋆

Joanna.Rankin@uvm.edu

terms of the core/double-cone structure most rotation powered pulsars show.

From the start, it was well known to Arecibo observers
that B0823+26 was an occasionally undetectable source.
However, this behavior was initially attributed to especially
deep refractive scintillation, perhaps associated with its close
proximity to the Earth. Only in recent years was it discovered (Young et al. 2012) that the pulsar’s “weak” intervals
appeared to be long nulls, with both bright and weak intervals sustained on timescales of hours such that the pulsar
was undetectable for some 20±10% of the time. Then, in
a second surprise, Sobey et al. (2016) used the LOFAR to
show that the pulsar’s “null” intervals were actually a quiet
(Q) emission mode. One comprised of sporadic weak pulses
that on average, produced an aggregate emission level of

c year The Authors

87

Figure 1. Upper Panel: The total power (Stokes I) profile at
1.2 GHz from MJD 55522 is first plotted full scale (thick black);
then
p the total power (thin black), total linear polarization (L
[= Q2 + U 2 ]; dashed green) and circular polarization (Stokes
V , defined as lefthand – righthand circular polarization; dotted
magenta) are replotted at 25x to show the postcursor and interpulse clearly. Lower Panel: The absolute, Faraday-derotated,
polarization-position angle (P P A [= 12 tan−1 (U/Q)]) and its, orthogonal PPA is shown (blue), both with occasional 2-σ error
bars. The rotating-vector model (RVM) curve (red, dash-dotted)
is also given along with the orientation of the pulsar’s proper motion (cyan). The small box at the left of the upper panel gives the
resolution and a deflection corresponding to three off-pulse-noise
standard deviations.

about 1% that of the usual bright (B) mode over a wide
section of the radio spectrum.
This mode-switching characteristic made B0823+26, already a known source of pulsed X-rays (Becker et al. 2004),
an excellent candidate for investigating the possibility of its
high-energy emission switching in tandem with its energetically insignificant radio emission.
The switch was spectacularly confirmed by the recent
simultaneous radio/X-ray campaign conducted by XMM together with the GMRT and LOFAR instruments (Hermsen
et al. 2018). Remarkably, the project revealed an almost proportionate relationship between the X-ray and radio emissivity: strong X-rays are detected during the radio B mode,
and the X-rays diminish to a barely or undetectable level
during Q mode intervals. The strongly pulsed X-ray emission was argued to probably be of thermal origin and hence
originating on the surface of the neutron star. However, the
emission exhibited two unexpected features. Firstly that the
pulse cycle had only one peak, and secondly that this peak
appeared delayed with respect to the radio emissions main
pulse (MP), the presumed location of the magnetic pole.
The long term radio/X-ray correlation over hours and
across the various radio profile components therefore raises
many questions of interpretation. While there is little doubt
about the synchronous mode switch, underlined by the ob-

Figure 2. Polarization profile at 326 MHz on MJD 57915 after
Figure 1.

Figure 3. Polarization profile at 4.6 GHz on MJD 57292 after
Figure 1. Here the scale multiplier is 100 to show the weak PC
and weaker IP.

servation of a brief sequence of B-mode-like emission switching on suddenly at all wavelengths, the switch back to Qmode is more gradual and flickering at both high and low
energies, accompanied by changes in the radio profile across
its components—a feature not seen in other radio modeswitching pulsars. Furthermore, the Q-mode X-ray emission,
and possibly that of the B-mode, appear to evolve following
their onsets.
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This exceptional behavior raises the need for a more
comprehensive understanding of pulsar B0823+26’s radio
emission. Therefore we requested and received leave to use
the Arecibo radio telescope to make new observations of pulsar B0823+26, mainly at 327-MHz (P band) but also at 1.4
GHz (L band). Most of these observations were scheduled
in the period just before and after Hurricane Maria devastated Puerto Rico on 20 September 2017 (MJD 58016)
and damaged the Observatory. Indeed, the observation on
MJD 58064 was one the very first after AO resumed limited
operations—and it demonstrated that the reflector alignments were not critically damaged.
These observations were not conducted simultaneously
with any X-ray observatory. Nonetheless, the program was
successful and may represent a unique set of Arecibo rise-toset observations. Through their analysis we have attempted
here to clarify the nature of this pulsar’s radio modes, its
mode transitions and the subtle interactions between its
components.
The paper is organized as follows: §2 discusses the observations, §3 gives an overview of B0823+26’s characteristics,
§§4 and 5 deal with the bright and quiet mode profiles, §6
and §8 discusses the bright and quiet mode emission dynamics, §7 discusses the five-period modulation cycle, §9 begins
a discussion, §10 considers possible physical interpretations,
and §11 provides a summary of conclusions.

2

OBSERVATIONS

The observations were carried out using the Arecibo Telescope in Puerto Rico with its Gregorian feed system, 327MHz (“P band”) or 1100-1700-MHz (“L band”) receivers,
and Mock Spectrometers. At P band, four Mocks sampling
12.5-MHz bands were used across the 50-MHz available
bandpass. Four 86-MHz bands centered at 1170, 1420, 1520
and 1620 MHz were used at L band, and the lower three were
usually free enough of radio-frequency interference (hereafter RFI) such that they could be added together to provide an approximate 250-MHz bandwidth nominally at 1400
MHz. The four Stokes parameters were formed off-line in
software, corrected for interstellar dispersion and Faraday
rotation, and various instrumental polarization effects. Sufficient channels were used in each subband such that the
instrumental resolutions of the observations are all about a
milliperiod. However, for strong pulsars such as B0823+26
the Mock channel filters are not sharp enough to prevent
aliasing, so we use only the central 2/3 of each channel. The
PPAs are absolute in that they have been Faraday derotated to infinite frequency using rotation measures (RM)
determined for each observation. The Band, Modified Julian Dates (MJDs), lengths and modes of the observations
are given in Table 1. Slow pulsars with small dispersion measures are more vulnerable to radio-frequency interference
(RFI) than those of faster, more highly dispersed pulsars,
so we have developed techniques to identify and remove the
RFI from the pulse sequences, which are especially important for the weak Q mode.

3

PSR B0823+26 OVERVIEW

Our new discoveries stand on a wealth of earlier studies of
PSR B0823+26, and a short review of these is pertinent to
interpreting the star’s emission.
• The timing properties of the pulsar are wholly typical
of the older pulsar population, positioning it in the heart of
the P -Ṗ diagram. Its period is 0.53 s and inferred age and
surface magnetic field strength are 0.95 Myr and 0.95 × 1012
G. A principal factor in the discovery of it’s pulsed X-ray
emission (Becker et al. 2004) is that it is one of the closest
pulsars to the Earth at only 300 parsec.
• The separations between the B-mode pulse components
are significant and give clues to the interactive nature of
the pulsar magnetosphere. The MP-IP spacing is close to
180◦ and is independent of frequency, suggesting that the IP
comes from the second magnetic pole. The PC trails the MP
by about 30◦ and had been thought to have a possible weak
frequency dependence (Hankins & Fowler 1986); however,
(Basu et al. 2014) showed the apparent shift is due to a
spectral change in its configuration.
• The polarization position angle (PPA) can be tracked
over a large part of the pulsar’s rotation cycle and fitted
relatively well with the rotating-vector model (RVM; Radhakrishnan & Cooke 1969; Komesaroff 1970) showing that
the magnetic colatitude α is close to 90◦ and suggesting
that the sightline impact angle β is positive and only a few
degrees. It also positions the PPA inflection point (ϕ0 ) as
lagging the centre of the MP by only about one degree (Everett & Weisberg 2001, and the references there cited).
• The MP appears well identified as a core component—
that is, a core-single (St ) profile. Its 1-GHz half-power width
is very close to that of the 3.38◦ angular diameter of the pulsar’s polar cap [2.45◦ P −1/2 ] (where P is the star’s rotation
period) as discussed in Rankin (1993a,b; hereafter ET VI),
and it often exhibits a small but consistent positive/negative
antisymmetric circular polarization. Furthermore, the fiducial MP PPA exhibits a close orthogonal alignment with the
star’s proper motion of 146◦ ±1◦ (Lyne et al. 1982) arguing strongly that the later emission of the core is polarized
at right angles to the emitting B field and thus represents
the X propagation mode—this seemingly another defining
characteristic of core emission (Rankin 2007, 2015).
• Despite this evidence for core emission, the B-mode MP
profile exhibits outlier shoulders both before and after the
core peak, suggestive of conal structure. This was noted by
Rankin & Rathnasree (1995) and the implications are discussed in §4.
• At the single-pulse level, the B-mode MP emission is
known to be modulated with a timescale around 5.3P (Weltevrede et al. 2006, 2007, Sobey et al. 2016) and the presence
of nulls has been established to a degree of approximately
6% (Rankin & Rathnasree 1995 etc).
• In the recently-discovered Q mode the only component
hitherto detected has been a MP almost coincidental with
the B-mode MP (Sobey et al. 2016) and apparently narrower. The Q-mode emission is characterized by occasional
but exceptionally strong pulses (Sobey et al. 2016) interlaced
with weaker single pulse sputters.
In this paper we will take advantage of all these results

89

Table 1. B0823+26 Observations
MJD

Band

55522
55723
57900
57902
57907
57914
57915
57956
58064
58070
58071
58205
58509
58533
58535
58541
58548
58562

L
P
P
P
P
P
P
P
L
P
L
P
P
P
P
P
P
P

length
(pulses)
1130
15460
17304
15730
16672
13977
14084
5849
17371
17387
16022
12189
12189
12189
12189
12189
12189
12189

Mode
B
B
B
B
B=>Q
Q
B
B
Q
B
B
Q
B
B
B
B
B
B

Notes
(◦ )

strong RFI
at 15000

bad cal
Hi-res

Table 2. Double Cone Geometry Model for B0823+26
Band
wi
ρi
(MHz)
(◦ )
(◦ )
Bright Main Pulse
1400
9
5.4
327
8.3
5.1
Bright Postcursor
327-1400
—
—
Bright Interpulse
1400
16.6
–
327
15.2
–
Weak Main Pulse
1400
–
–
327
9.1
–
Weak Postcursor
327-1400
—
—
Weak Interpulse
1400
—
—
327
—
—

wo
(◦ )

ρo
(◦ )

hi
(km)

ho
(km)

14
21.4

7.6
11.2

103
108

204
443

14.5

7.8

—

217

—
—

—
—

–
–

—
—

—
17.3

—
—

–
–

—
—

14.5

7.8

—

217

???
???

—
—

—
—

—
—1

wi (wo ) are the outside half-power widths of the inner (outer)
cone or conal component pair. ρi (ρo ) are the outside half-power
beam radii, and hi (ho ) are the characteristic emission heights.

and demonstrate significant advances, particularly on the
last three.

4

THE BRIGHT MODE PROFILE

This pulsar’s profiles are shown in Figures 1 and 2 at 1.2
GHz and 326 MHz, respectively while Figure 5 displays a
hi-resolution MP profile. The profiles are plotted in total
power and then replotted at 25 times amplitude to show
the detailed polarization behaviors in the postcursor (PC)
and interpulse (IP) features. Figure 3 also shows the profile at 4.6 GHz with a 100-times scaleup. The RVM curves
(dash-dotted red) are absolute in the sense that they have
been Faraday-derotated to infinite frequency and take their

Figure 4. Main pulse profiles at 1.2 GHz and 326 MHz after
Figures 1 and 2. Here the scale multiplier is 2.
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Figure 6. Peak Histogram plot of MP region. Note the 5 component, Core/Double Cone structure apparent.

Figure 5. Hi-resolution MP profile of the MP. The above window shows the average profile around the MP region, while below
shows the average PPA track (blue) along with the distribution
of single-pulse position angles.

origins along the pulsar’s proper motion direction (cyan).
The PPAs are plotted (black) along with the orthogonal angle (blue). Therefore, it is clear that most of the trailing
MP emission as well as that of the PC is orthogonal and
thus in the X mode; however, that in the leading region is
more mixed with the leading portion being O-mode dominated. This parallels what was found by Rankin & Rathnasree (1995), except that they were not yet able to associate
the PPM/SPM with the X/O modes.
4.1

MP Properties

In some pulsars, single pulses are known to flare up (Mitra &
Rankin 2011). These flares can be used to identify low-level
components which are otherwise not detectable in the average pulse profile. To search for such sporadically emitting
components, we have utilized a histogram based approach.
We form longitude histograms of intensity maximi. This has
the simple effect of forming contour outlines of sub-pulse
structures (hereafter Peak Histogram Plots PHP). Figure 6
represents a PHP of B0823+26’s MP region at P-band. In
particular, we can clearly see a five component structure; a
core component C1 (–3 to 2), an inner cone pair C2 (–6◦ to

–3◦ ) & C3 (2◦ to 4◦ ), and finally an outer cone pair C4
(–18◦ to –7◦ ) & C5 (6◦ to 15◦ ) weakly present on the profile’s edges. The core component’s width suggests a nearly
orthogonal α, and the respective conal beam radii (for a near
inclined rotator and fitted β) are given in Table 2. It’s clear
that these components quantitatively agree with conal and
core beams, confirming what was suggested by Rankin and
Rathnasree (1995). This should not be surprising, as intensity flaring has been associated with the activation of the
secondary polarization mode in a number of pulsars. Thus
the two methods are inherently related.

4.1.1

MP polarization in the B-mode

Figure 4 shows the MP region of the observations in Figures 1 and 2 with a scale multiplier of only 2 to better show
the linear and circular polarization. Note that the aggregate linear polarization is not centered within the MP total power profile; rather it trails the core peak by about
0.5◦ . Also, the P-band profile shows the +/– antisymmetric
circular polarization signature seen consistently (e.g., Gould
& Lyne 1998) whereas it is more complex and variable at
higher frequencies. Finally, note the substantial fractional
linear polarization of the PC feature. It is much brighter at
lower frequency and the linear polarization nearly complete.
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4.2

Postcursor properties

Only a few pulsars exhibit postcursor (PC) components, and
so far we have no satisfactory explanation for either their
existence or the geometry/physics of their emission. Basu
et al. (2014) studied the phenomenon in the pulsars with
known features, including B0823+26, but were unable to
understand how or where they are emitted.
Pre-/postcursors tend to be highly linearly polarized as
is the one in B0823+26. Interestingly, the PPA track under
the PC shows clear evidence of distortion, possibly indicating the presence of A/R. We also see (e.g., Figures 1–3) that
its PPA falls close to the RVM curve associated with the primary polarization (X) mode. Here we can also see that the
peaks of the L- and P-band PC features fall at different longitudes relative to the MP peak; however, Basu et al. showed
that the PC has several components with differing spectra
such that overall the feature is stationary. We point out that
the P-band structure shows the presence of five components
in the hi-resolution observation which mirror the width and
arrangement of the core/double cone structure seen in the
MP as seen in Figure 7.
4.3

Figure 7. Hi-resolution P-band PC profile. The above window
shows the average profile around the PC region, while below shows
the average PPA track (blue) along with the distribution of singlepulse position angles.

Also, its PPA seems to track the RVM closely, so that it too
represents X-mode emission. 1 .
Various aspects of pulsar B0823+26’s bright mode emission were explored by Rankin & Rathnasree (1995). In particular, the two polarization modes were distinguished and
three-way mode-segregated profiles (see the Deshpande &
Rankin 2001 Appendix) were computed for study. While
the pulsar’s PPA traverse conforms to the rotating-vector
model (RVM) more closely than most pulsars, this analysis
showed that both polarization modes contribute significant
power to the MP core feature as well as the complex region preceding it. Indeed, the secondary polarization mode
(SPM) emission showed a conal “outrider” structure at 430
MHz that we have confirmed by PHP as an outer cone.

1

The pulsar’s single-pulse emissions are highly linearly polarized
with the X-mode dominating in the trailing MP regions and the
O mode in the leading region. The circular polarization in single
pulses is also much higher than its average with LHC predominating under the early part of the MP and RHC thereafter. It therefore appears that the O mode tends to be positively circularly
polarized, the X mode negatively, and both L and V experience
substantial depolarization within the average MP profile overall.

Interpulse Profile Properties

The interpulse (IP) is between 50 and 100 times weaker than
the MP, and it has a larger half-power width of about 10◦ .
It has a modest level of linear polarization, and its PPA
appears to square well with the RVM. Its width is too broad
to be a core component, and were α as far from 90◦ as
is measured (81◦ / but Everett & Weisberg 2001), we can
question why we can see it at all. It does have about the
right width to be an inner cone, but were it to have an inner
cone geometry, its viewing (impact) angle βIP would need
to be about 5◦ —which in turn would argue for an α value
close to 90◦ . The frequency evolution certainly squares with
a conal single as the profile’s grow more separated at higher
frequencies. Figure 8 shows the IP profile during the P-band
hi-resolution observation.
4.4

Implications for the Geometry of the Pulsar
and Observer

An understanding of the B-mode’s integrated polarisation
properties, especially the correct assessment of the PPA traverse is important since it makes it possible to fix the common viewing geometry of both the pulsar’s B-mode and its
much weaker Q-mode.
In any pulsar where the magnetic and rotation axes are
nearly perpendicular the precise magnitude and sign of the
respective impact angles βM P,IP , and the inclination α itself
become very important for the interpretation of the observed
emission. For B0823+26 there seems little doubt that α is
close to 90◦ and that βM P , though positive, is not such that
α + βM P exceeds 90◦ .
A consequence of this is that the observed open fieldline
at the fiducial point of the MP will be viewed close to the
pulsar surface in a region which is conventionally positively
charged, while that of the IP will be at a much greater altitude in a negatively charged region. It is a matter of simple
geometry that
βM P + βIP = 2(90◦ − α)
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(1)

Figure 8. Hi-resolution P-band IP profile. The above window
shows the average profile around the PC region, while below shows
the average PPA track (blue) along with the distribution of singlepulse position angles.

so that if we take the values α = 81◦ and βM P = 3◦ given
by Everett & Weisberg (2001)—albeit with significant error
bars - then βIP = 15◦ , a figure unlikely to make the IP
detectable. Taking the more plausible βIP ≈ 5◦ suggested
in the previous subsection, then we need an inclination α
nearer 86◦ , giving the very small βM P ≈ 3◦ . Thus assuming
we are dealing with an axisymmetric magnetic field, there
is little doubt that its axis is almost perfectly orthogonal to
the rotation axis and our chance line of sight just squeezes
between the axis and the star’s equator.

5

THE QUIET MODE PROFILE

In our many observations, we were fortunate to record four
rise-to-set observations (three at P-band, one at L-band)
of this mode and a further example of the B-mode to Qmode transition. While the emission is indeed very weak, (on
average 100 times weaker then the bright mode), and thus
easily corrupted by RFI, we have been able to distinguish the
pulsar single-pulses from the RFI to construct satisfactory
polarized profiles. These are given in Figures 10 and 11. The
upper panels show the full rotation cycle and the lower ones
the MP-PC region. In these Q-mode profiles we see clearly

Figure 9. Quiet Mode MP profile. The above window shows the
average profile, while below shows the average PPA track (blue)
along with the distribution of single-pulse position angles.

that the PC is emitted in the weak mode and that the IP is
here only detected at the lower frequency. We also find that
the Q-mode’s PC shifts closer to the MPs peak by about 3◦
we believe this to be caused by a change in location of the
MPs peak intensity.

5.1

Component Structure

From an analysis of this pulsar’s timing, we yielded an estimated profile offset of 3◦ between the two modes, which
agrees quite closely with the estimate of Sobey et al. (2015).
Figure 10 shows the overlaid profiles, and we see that the Qmode distinguishes itself from the B-mode through a lack of
core emission. In fact, the components seen in the Q-mode
profile (Figure 9, seen at –8◦ –2.5◦ 2.5◦ and 8◦ ) strongly
agree with the widths of an inner/outer cone pair just like
that of the B-mode PHPs. We also see that in such an alignment, the PCs of both modes align. This would explain the
previously mentioned shift of the PC. In the Q-mode, the
trailing inner cone becomes the dominant component resulting in a shift of the PC toward the MP. An interesting
contrast exists between the two modes. As well, neither the
conal or PC components shift in location; suggesting this
emission as originating from similar heights in both modes.
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Figure 10. Display showing the alignment between the P-band
bright-mode observation on MJD 57900 (solid curves) and the
weak mode (dashed) one on MJD 57914. The total (black), linear
(green) and circular (blue) of the two observations are shown in
the top panel, and the PPA densities in the lower two panels,
respectively. The alignment was determined by timing between
the observations. Note that the bright-mode profile is nearly centered within the broader weak mode one and that the linear peaks
nearly coincide. Note also that the PPA traverses closely track
each other under the later parts of the profiles.

Another prominent difference between the weak and
strong modes is the linear polarization of the main pulse.
We saw above (Figures 1–3) that the MP tends to show X
mode emission, apart from a region on its far leading edge.
By contrast, in the weak mode the MP emission is mostly
ordinary (O) as can be seen in Figures 11–12. This is not
a surprise, as Rathnashree & Rankin (1995) were able to
identify conal emission as primarily associating with one of
the two polarization modes while core emission primarily
with the other. The lack of X-mode emission in the Q-mode
again agrees with the suggestion of drastically reduced core
emission.
At this point we bring attention to the PC. In the Qmode, the PC remains dominated by X-mode emission. This
is fascinating, as while the core emission has entered a quiescent state, although the intensity of the conal and PC
emission decreases, their component location and polarisation mode are preserved..
Furthermore, it is apparent at both frequencies that a
weak peak of emission lies between the MP and IP. This
inter-interpulse (IIP) is unlikely to be RFI, as it is present in
all four weak mode observations and it’s polarisation follows
the RVM curve, along with it being X-mode emission. As far
as can be discerned, the bright mode does not exhibit an IIP,

Figure 11. Full period (upper) and main pulse/postcursor
(lower) profiles at 1435 MHz after Figure 1 showing the weak
mode in the rise-to-set MJD 58064 observation. Note the presence
of the PC although the IP was not detected in this observation.
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suggesting it as a feature unique to the Q-mode. Three of
the five emission regions (core, PC, and IIP) exhibit X-mode
polarisation while two (IP, and Cone) do not. It is interesting
to see X-mode emission being associated with low lying core
emission, and high altitude PC and IIP emission.

6

EMISSION DYNAMICS IN THE BRIGHT
MODE

Pulsar B0823+26 is one of the brighter pulsars in the
Arecibo sky, with P- and L-band continuum-equivalent
fluxes of 73 and 10 mJy; and given its narrow main pulse,
single-pulse fluxes of 100 times this are typical, such that
Arecibo observations provide a typical S/N of several hundred. Therefore, its single pulse emission dynamics can be
investigated to a highly sensitive degree.
6.1

Does the Bright Mode Exhibit Multiple
“States”?

A question raised by the XMM X-ray observations (Hermsen
et al. 2018) is whether B0823+26 has different behaviors or
“submodes” within its B mode as the X-rays seemed to have
different intensities in the several apparitions. No differences
in the published studies have been identified that might signal such bright mode effects. However, among our several
Arecibo B-mode observations we find that most have null
fractions of 5.3±0.5%, but the one on MJD 57902 has a null
fraction of over 8%. Clearly this is a question that should
be investigated in future.
6.2

Figure 12. Total and MP/PC profiles at P band after Figures 1
& 11 showing the weak mode in the rise-to-set MJD 58205 observation. Note the presence of both the PC and the IP in this
observation. The MP here again has two unresolved components
with the fractional linear stronger in the trailing region and a
strong +/– antisymmetic circular signature. Note also that the
PPA follows the O mode on both edges of the profile with some
complexity near the positive V peak—a very different behaviour
that in the bright mode. The broad weak emission feature at
about 90◦ is also seen consistently in our Q-mode observations.

MP Emission Dynamics

Figure 13 shows a color coded plot of the pulsar’s emission in its MP region. Immediately, we see that the singlepulse emission is sporadic, with the strong pulses occurring
in groups of a few and nulls or weak pulses in between these
“flares”. In particular, note the roughly 5-period modulation
in the first part of the 200-pulse sequence. This is highly
characteristic of the pulsar’s emission overall, as every Bmode sequence shows a broad fluctuation-spectral peak at
about 5 P with the fluctuation power tailing off to longer intervals as well. Note also that some of the “flares” are much
stronger than others, and can can be classified as weak ‘giant pulses’. In Figure 13 the linear and circular polarization
is not plotted if the signal level falls below total power and
total linear noise thresholds; therefore most of these “blank”
regions are probably actual null pulses.
Corresponding partial average profiles of the individual
pulses just prior to and following nulls in each component
region are shown in Figure 14. We see that the MP nulls
show on average a correlated lessening of intensity in both
the PC and IP, suggesting the MP nulls are reflective of
a global magnetosphere process. Pulses immediately before
nulls appear weaker and those after appear both brighter
and broader. On average, the IP appears to act oppositely,
with brighter emission before the null and weaker emission
after. It’s interesting to note the broadening of the PC after the null pulse. We see that nulls of the PC and IP are
not mutually exclusive with MP nulls as illustrated by the
below panels, although they still demonstrate some degree
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Figure 13. Pulse-sequence polarization display showing the pulsar’s behavior at P band on MJD 57956. The display shows clearly
that the pulsar’s bright mode emission is very sporadic, with the stronger pulses coming in short “clumps”, some of which are much
brighter than others. Note that the polarization is relatively consistent with low to moderate fractional linear; both positive PPAs and
circular predominate in the leading part of the emission window and the opposite in the trailing part. Bursts of about 5 periods in length
occur quasiperiodically in the first half of the sequence, and this is characteristic of the modulation overall. Also note the very weak or
sometimes null pulses that tend to alternate with the bursts on roughly 5-P intervals. The total power I, fractional linear L/I, PPA χ,
and fractional circular polarization V /I are colour-coded in each of four columns according to their respective scales at the left of the
diagram. The 3-σ background noise level of this sequence is indicated by the white stripe within the lowest intensity black portion of the
I color scale, but disappears here due to the large S/N.
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Figure 15. Null histograms computed from the MJD 57956 observation. The upper panel shows the full amplitude distribution, and the smattering of very strong, putative “giant” pulses
(with amplitudes more than 10 times <I>), can be seen. The
lower panel is identical apart from restricting the display to the
lower amplitudes, and here we see clearly the population of null
pulses as well as the (dashed) off-pulse noise distribution. The
null threshold is taken at 0.04 I/<I>, with a 5.1% population of
nulls. The smaller fraction in the upper diagram differs because
of different bin sizes in the two plots.

Figure 14. Plotted are partial profiles for pulses immediately
preceding (dashed curves) and following (dash-dotted) nulls as
well as the nulls themselves (solid). From top to bottom, the nulls
are constrained to the different components of the pulse (Top: MP,
Middle: PC, Bottom: IP). The null threshold here is again taken
at 0.05 I/<I>, where < I > is the integrated energy of that
component. The null curve shows that the nulls have negligible
power as expected, in addition to intensity correlations over all
three components. Unsurprisingly, MP pulses just prior to nulls
tend to be weaker than average; whereas, the pulses just after
nulls tend to be brighter and slightly shifted in longitude. Also,
it is interesting to see the difference in PC shape both before
and after the null pulses. In particular, the trailing part of the
PC appears to extend in shape after nulls. Although all three
regions display a connectivity in emission during nulls, they are
not explicit correlations as evidenced by the stronger presence of
the MP emission during PC nulls.

of null correlation between the regions. As well, even in the
case of a MP null, there are a very few pulses that exhibit
weak emission. The emission in these pulses appear similar
in shape to the PC structure, while the PC and IP emission
take on their Q-mode mode shapes. A polarized average profile of the pulses just after a null shows that this new leading
region has little linear polarization. Also making a measure
of how often weak/null pulses occur (not shown), we find
they also undergo the 5 period modulation. Another way to
probe the cycle’s properties is given in Figure 16. Plotted
are the integrated profile for five different intensity fractions
(denoted by the integrated energy of the MP). There is tentative evidence that strong (‘flare’) pulses in the PC and IP
are correlated, but not with the MP. Indeed, the intensity
fractionated profiles show that the PC and IP modulation is
rather steady over a huge range of MP intensity. Here is it
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the 0.04 I/<I> threshold, burst lengths of a few pulses are
more common. However, when we increased the threshold to
0.2 I/<I> to include many weaker pulses, the burst-length
distribution peak remained at a few pulses with its average
at some 5-6 stellar rotations. While it is not shown here, the
null distribution fluctuates from observation to observation,
showing noticeable changes in the null fraction on the order
of a few percent
Overall, the MP core and conal emission null together.
The bursts are asymmetric in time, unlike a “normal” P3
drift modulation. The P3 feature is found to be broad across
the MP profile, though more clearly evident on the leading
side and weaker on the trailing edge. This burst description
assumes that the nulls are part of the cycle. In fact, nulls
occur about 6 percent, yet the burst-like behaviour has a
period of 5+ pulses, so we do not see a null in each burst,
only one in three or four. So the question is: do the nulls
participate in the burst cycle or not? If they do, as the analyses seem to suggest, then the nulls must be briefer than a
single rotation, so that we miss about a third of them.

7

Figure 16. Integrated profiles I/ < I > divided into 5 intensity
fractions. I is defined here as the integrated energy of the MP

the central core emission that is being fractionated; it may
be that weaker conal part of the MP emission show the same
steadiness as the (conal) PC and IP.
These simple analyses together with the more complex
longitude-longitude correlation plots we will discuss in the
next section, show systematic changes in the emission properties over the 5-P modulation cycle. From these we can
begin to see how the bursts of the B mode function. The
seem to represent a limit cycles with a duration of about
5 P . Short nulls or weak pulses delimit the cycle. The first
pulses after nulls show a mix of core and conal properties,
but in subsequent pulses the core dominates. The bright core
pulses grow in intensity after a null for 2-3 pulses, but then
decrease in 2-3 pulses back to a null or weak pulse. Meanwhile the outriding conal parts of the MP show systematic
changes during the cycle that are suggestive of carousel rotation.
We compute null histograms in Figure 15 from our Pband observation on MJD 57956. The upper panel shows
the pulsar’s full pulse amplitude distribution in Stokes I,
whereas the lower panel restricts the amplitude range to
show the nulls and off-pulse noise distributions clearly. The
null threshold here is taken at 0.04 I/<I> and perhaps
slightly underestimates the null fraction. We have also computed null- and burst-length histograms (not shown). These
indicate that the pulsar’s nulls nearly always have a duration of only a single pulse, rarely two and never three. With

THE FIVE-PERIOD MODULATION CYCLE

We see multiple lines of evidence that the MP exhibits a
5-6-P modulation cycle, but we have found it difficult to
determine just what this entails. That both strong core and
weak conal emission are involved is clear, and the former
tends to strongly obscure the other except in the case of
nulls.
Not only are the flares and nulls included in this cycle,
but Figure 17 shows that the same periodicity is present in
the MP, PC, and IP. This was somewhat hinted at previously
in the null correlation of Figure 14. HRFs of the PC and
MP shows that the power is phased modulated, suggesting
possible drift. This is the same conclusion Weltevrede et al.
(2006) reached in his short investigation of this pulsar.
One method of deeply exploring this cycle is through
longitude-longitude correlation maps, and two different sets
are given in Appendix A. The first set in total power (TP)
corresponding to lags 0 to ±5 appears as Figure A1 and
includes the IP. A second set in cross-modal polarization
(CMP) appears as Figure A2. The zero lag plots are positive
definite and thus range from 0 to +1; whereas the others
show both positive and negative correlations over a –1 to
+1 range.
7.1

Component Correlations (B-MODE)

In the B-mode we see multiple lines of evidence that the
MP exhibits a P3 5 − −6P modulation cycle. This is most
easily demonstrated in the core region of the MP, simply
because the intensity of this region greatly exceeds that of
any other component, and here (Figure 17 upper) we have
found evidence for the cycles presence in the PC and IP
too. However it is difficult to determine the interactions between the components and to what degree the modulations
are in phase. An understanding of these properties will give
valuable clues to the location and connectivity of the magnetospheric emissions.
Folding the data with an appropriate P3 is difficult, partly because P3 is non-steady on even quite short
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Figure 18. Longitude-longitude correlation at zero lag for the
MP and PC regions of the P-band observation of MJD 57956 and
the L-band observation of MJD 58071. Note that the leading and
trailing regions of the MP exhibit zones of strong self correlation
as well as moderate correlation with each other. The central MP
region, by contrast shows little self-correlation. The PC shows
self-correlation as well as a slight correlation with the leading and
trailing MP regions, but not with the bright center. No significant
correlation with the IP was observed here.

7.1.1

Figure 17. Top: Longitude-resolved fluctuation spectra of all
three emission regions for the P-band observation 57915. It is evident that the semi-periodicity is present over the entire pulse.
Bottom: Harmonic-resolved fluctuation spectra of the PC region
of the P-band MJD 57915 observation. Note the feature with
a peak about 0.2 cycles/P in all three components. The bottom displays show a strong power difference between positive and
negative frequencies, indicating that the feature is largely phase
modulation.

timescales and partly because the the strong core emission
dominates any display to the exclusion of the weak conal
emission. A more effective way of exploring the hidden phase
pattern is to use longitude-longitude correlation maps.

Zero-period lag features

The principal feature of the lag zero correlation is the
strongly positive diagonal. This must necessarily be 100%
precisely on the line and the yellow/orange zones of +ve correlation surrounding this line identify and separate each of
the profile components (and sub-components) which act as
a single region. The MP comprises a relatively long leading
component, a narrow core component and a short trailing
component. The PC is connected to the MP by weak emission and appears to have two subcomponents. At zero lag
the IP self-correlation is so weak as to be barely detected
here.
Away from the diagonal there is an extraordinary lack
of correlation of either sign. The only discernible feature is
the weak +ve correlation between the MP leading and the
trailing components, and the weak correlations of both of
these with the leading part of the PC. There are no stripes
and zones of (blue) anti-correlation characteristic of drifting
subpulses and rotating carousel sparks. Most striking of all
is the complete lack of correlation between the MP core
region and any other component within the same pulse (with
the possible exception of the trailing part of the PC - see
next subsection). This is the region where the pulsars most
powerful radio emission is found and yet the remainder of
the pulse in which it occurs fails to react to its presence.
Curiously, the very earliest part of the leading component seems also to correlate with the extended but faint
region between the trailing component and the PC indeed
this correlated area seems to continue beyond the PC. How-
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Figure 19. Longitude-longitude correlation of ±1 lag for the MP
and PC regions of the P-band observation of MJD 57956 and the
L-band observation of MJD 58071. Note that the leading and
trailing regions of the MP exhibit zones of strong self correlation
as well as moderate correlation with each other. The central MP
region, by contrast shows little self-correlation. The PC shows
self-correlation as well as a slight correlation with the leading and
trailing MP regions, but not with the bright center. No significant
correlation with the IP was observed here.

of the leading and trailing components. We have noted that
the former is of short duration. By contrast, the trailing component closest to the MP exhibits +ve correlation along the
diagonal of this plot, indicating that following its appearance
its strength persists for at least one further pulse. However,
at greater distances from the MP the diagonal correlation
is absent, indicating, as with the leading component, that
any emission at these longitudes is only present for a single
pulse (see Figure 13).
To a lesser degree the PC also has +ve correlation on
the diagonal. This interpretation is consistent with what is
found in the 2-period lag plot, where the persistence of the
MP trailing component and the leading PC are the only
points of +ve correlation.
Interestingly, a +ve correlation appears between the
leading MP component and the previous pulse in the trailing part of the PC. This would mean that the (strong) core
emission and the weak trailing PC emission appear in the
same pulse, with the latter too weak to show as a correlation
at zero lag. Figure 14 (Middle) shows this correlation quite
clearly, thus it indicates that this correlation in fact only occurs when the core emission is powerful and located close to
the centre of the MP. The idea that the leading and trailing
PC components are separate phenomena is supported by its
appearance in the pulse sequences.
We can also see from the HRF in Figure 17 (lower),
which is applied across both components of the PC, that
while the they share the same cycle periodicity they are
strong at different phases.

7.1.3
ever the later (weaker) part of the PC, like the core of the
MP, seems to have little or no correlation with any other
region except possibly the trailing MP component.
7.1.2

One-period lag features

‘ In contrast to the zero lag plot, the ± 1-lag plot shows a
great deal of both +ve and –ve correlations. However, the
most striking feature is the lack of correlation shown, either
+ve or ve, by the leading MP component in the bottom
left corner of the plot. This indicates that this component is
generally only strong for a single pulse (as can be seen in the
stack Figure13). It can also be seen that this component has
a strong positive correlation with the MP core emission of
the previous pulse and a negative correlation with the MP
core of the following pulse. This suggests that the leading
component appears strongest in the pulse directly after the
strong MP core pulse at an intensity which correlates with
the core intensity (albeit at a much weaker level).
A second feature is a similar relationship between the
core component and the MPs trailing emission. Following an
upward vertical line through the MP core we see that both
the trailing MP and the leading PC are positively correlated
at a single pulse delay, and the equivalent horizontal left
to right gives a –ve correlation between the core emission
and that of the trailing MP and PC one pulse earlier. As
with the leading component, the trailing component and PC
would seem to be strongest in the pulse immediately after
the powerful core pulses.
There is an interesting contrast between the behaviours

Higher lag features

The further lag plots reinforce the above picture. At 2-period
lag we are comparing the intensities of components separated by two pulses from their peak/trough intensities, by
which time they will all have diminished/increased substantially within their common 5-6 period cycle. This results in
blue anti-correlation along the diagonal. Also, very tellingly,
the cross correlations between the components are almost
entirely –ve throughout the plot, supporting our conclusion
that they all peak in the pulse immediately following the
core peak pulse. If they peaked at different phases in the cycle some degree of +ve correlation would have appeared in
the plot among the cross-correlations. Note in particular the
extreme –ve correlation between the leading component and
the core emission two pulses later. This effectively compares
the peak of the leading component (which follows one pulse
after the peak core) and the core intensity three pulses after
the cores peak, which is likely to be very weak or null.

7.1.4

Interpulse correlation

The plots at all lags display measurable correlations for the
IP (though stronger at greater lags and bearing in mind that
the IP lag has a built-in 0.5P lag). It is very obvious from
every plot that the IP correlations closely follow those of the
trailing component and the PC. This is therefore consistent
with the hypothesis that all components, including IP, are
strongest in the pulse directly following a bright core pulse
and that the IP shares the weakness of near-null and null
pulses at the MP.
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7.1.5

What do the B-mode correlations tell us?

The correlation plots given in Figures A1/A2 are found to
be very similar to those yielded by our other p-band observations. Thus we arrive at an overall picture for the pulsars
average emission cycle. A pulse with strong emission in the
MP core region (possibly together with trailing PC emission
in the same pulse) is followed by a pulse in which all components except the trailing PC, but including the IP, are of
a correlated strength. In the next pulse the trailing MP and
PC emission is sustained until in the next (4th) pulse a weak
or null pulse occurs. Then a recovery (5th) pulse occurs in
which there is a slight shift (by about one degree) to earlier longitude and the cycle restarts. Thus the cycle appears
to be initiated and driven by the pulse containing a strong
core component followed in the next pulse by the response
of the remaining components. The difference in nature between these two pulses is brought out by the analysis of
the component-dependent fractional intensity distributions
given in Figure 16, suggesting that the MP distribution has
a much stronger high-intensity tail than the PC and IP.
This analysis shows that the pulsar’s bright mode modulation exhibits a consistent cycle. It is a cycle repeated
imprecisely that involves all three emission regions, MP, PC
and IP. The +/– lag asymmetry throughout the cycle shows
that it has a strong directionality, consistent with the phase
modulation seen earlier. We see here that the cycle involves
correlations between the leading/trailing conal regions of the
MP (and the PC) and the varying strength of the MP in
different parts of the cycle, but the MP (core) center only
correlates with itself at the end of the cycle, i.e., lag 5. Thus
this analysis pulls out the conal modulation properties in
spite of the overriding presence of the dominant core radiation. Overall, the correlations thus reveal a pattern of conal
modulation that is suggestive of subbeam carousel rotation.
What is remarkable here is that the central core emission
participates in the 5-P cycle but is differently (intensity
only) modulated.

Figure 20. Display showing the transition from the B to the
Q mode at P band for the MJD 57907 observation in 35-pulse
averages. Bright mode emission continues until about pulse 15500
and then sharply decreases over the next 150 rotations. Note how
the star’s MP emission continues to “sputter” weakly until the
end of the observation.

gradual process. This is contrasted by the immediate transition between Q and B modes Sobey et al. (2015) described,
as well as from other mode changing pulsars. This makes
B0823+26 a unique mode changing pulsar.
Interestingly, however, the profiles in Figure 21 indicate that the transition to the weak mode is hardly simple.
The putative Q-mode profile in the bottom panel differs little from its B-mode pair in the top panel; it seems only
weaker, as its shape, width and polarization resemble the
earlier bright interval.
8.2

8

EMISSION DYNAMICS IN THE QUIET
MODE

Now that the specifics of the B-mode emission dynamics
have been laid out, we turn our attention to a study of the
Q-mode. We will find that both modes share a number of
similarities, particularly in their modulation dynamics.

8.1

The Apparent Transition to the Quiet Mode

We were fortunate to observe a transition of the B to Qmode in the P-band observation on MJD 57907. Most of
the 2.75-hour observation showed the pulsar in its bright
mode, but beginning at about pulse 15500 its emission declines steadily to near zero over some 200 rotations. The
display of Figure 20 shows this event in 35-pulse averages,
wherein we see that the emission continued to “sputter”
weakly before completely disappearing for the rest of the
observation. The PC emission underwent also underwent a
gradual decrease in activity before the events of the MP,
which in either case suggests the onset of the Q-mode is a

Single-Pulse Characteristics

Weak emission in B0823+26’s quiet mode was discovered by
Sobey et al. (2015), and we both confirm the properties they
reported and extend the analysis much further. We were not
able to confirm their important observation of a Q-mode null
sequence immediately prior to the onset of the B mode as
we observed no such transition.
An illustrative plot of the single pulses in a 256-pulse
interval is shown in Figure 22. This is taken from the 13966pulse Q mode observation of MJD 57914, which was corrupted by RFI, and still shows some effects even after cleaning. About a dozen relatively bright pulses are seen in the
course of 256 pulsar rotations. They average to the broad
two-lobed MP profile seen earlier, and the PC is also weakly
visible in the average here.
Some aspect of the pulse characteristics can be found in
Figure 23, where we again use intensity fractions to establish
relations between the components. We see that the Q-modes
MP undergoes emission at a wide range of intensities; including emission that appears possibly below the noise threshold to emission comparable with the average bright mode
emission. The integrated profile gradually transforms from
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Figure 22. Colour-intensity-coded display showing the sporadic
quiet-mode emission in the P-band observation of MJD 57914
(main panel). Hardly more that two dozen bright pulses are seen
within the 2048-pulse interval plotted here. Notice the unresolved
double profile form of the main pulse along with hints of emission
in the PC region.

a unresolved double form, to a clear triple profile; here we
see that the core emission activates only for the brightest
pulses.

8.3

Figure 21. Main pulse profiles at 326 MHz after Figure 1 showing
the respective bright and weak mode in the MJD 57907 observation. The top display gives the profile for the first 15,000 pulses,
and the lower one the final 1672 pulses.

Q-mode Modulation Cycle

Perhaps the most interesting characteristic of the Q-mode’s
single-pulses are their periodicity of occurrence. An LRF of
the Q-mode (Top of Figure 23 pulse sequence reveals a sharp
feature around 0.06 cycles/period. The feature extends into
both cones and the core regions of the MP, but remains
brightest in the trailing inner cone. It is very interesting to
note that this feature has a P3 of some 17 P , or about three
times the B-mode P3 . This raises the question if the two
modulations share a common origin.
A folded 1024-pulse HRF is shown in the bottom Figure 24 and suggests there are instead two components to
the Q-mode modulation; a phase modulated peak at 0.051
(hereafter F1) and a secondary amplitude modulated feature near 0.06 (F2). A look back at the top of Figure 24
shows both peaks are present, but because of the nature of
the LRF they appear to form one single peak. Conceptually, these findings continue to support our B-mode findings
that the trailing component is an inner cone that undergoes
drift, and that the amplitude modulation represents an intrinsic core emission cycle. The only difference then between
the two modes are the length of the cycle, profile changes,
and somewhat different interactions between components in
parts of the cycle.
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Figure 23. Integrated profiles of MP I/ < I > divided into 5
intensity fractions for the Q-mode observation 58205. I is defined
here as the integrated energy of the MP.

9
9.1

DISCUSSION
Geometry of emission regions

Our program of multifrequency Arecibo B0823+26 observations has confirmed the basic radio features of its B-mode
emission. In this mode the pulsar has three components: a
main pulse (MP), a postcursor (PC) and an interpulse (IP).
The last of these located 180◦ from the MP at all frequencies
supporting the widespread assumption that the object is a
two-pole interpulsar. The location of the PC peak appears
as non invariant (as reported by Hankins & Fowler 1986)
and varies with frequency between 30 and 40◦ as seen in
Figures 1-3. We support the view of Basu et al. that the PC
has a two (or even three) component structure such that the
differing spectra of each component causes only an apparent
shift with frequency towards a 40◦ separation.
The observed PPA traverse is compatible with the
RVM, and we show that for both the MP and IP to be
observable from Earth, the pulsar must have an inclination
α very close to 90◦ with our sightline of the MP lying tightly
between the magnetic axis and the rotational equator (see
Section 4.4). This has interesting implications for the contrasting physical regions we are observing at either pole. In
the first-order model of a pulsar’s magnetosphere the electric fields parallel to the magnetic fieldlines are supposed to
be screened. This results in “null” surfaces which divide re-

Figure 24. Top: LRF of the Q-mode observation of MJD 58205.
Note the peak in the integrated power centering around 0.06 cycles/period. The feature can be seen extending into the leading
part of the profile as well. Also note the additional weak features,
including one centered at .18, similar to that seen in the bright
mode. Bottom: Folded HRFs of 1024-pulses for the Q-mode. Notice that there are two modulations present

gions of opposite charge sign, and the intersection between
these and the last closed fieldlines are thought to be the
site of “outer gaps” (which may result in the production of
non-thermal X-rays).
In near-aligned pulsars the outer gaps exist at high altitude and the pulsar’s surface polar gap is treated both
observationally and theoretically as a separate region (see
Figure 26 left). In the extreme geometry of B0823+26 this

103

sightline

α
βIP

βMP
sightline

magnetic
axis

rotation
axis
Figure 25. Sightlines with respect to the MP and IP, with both
βIP and βM P assumed positive, as suggested by B0823+26’s PPA
traverse.

is no longer true (see Figure 26 right). While the null surfaces
which azimuthally precede and follow the magnetic axis are
still at a significant fraction of the light cylinder, the surface below the axis can only be a degree or two above the
equator—implying a height of only 150 km. It must even lie
below our sightline for the observed fieldline to be directed
toward us.
The MP emission we observe must therefore come from
a region where at its wings the fieldlines cross the null
surface at a great altitude while at the central longitudes
the emitting fieldlines interact with a low-altitude outer
gap—and this is confirmed by our observation that the MP
peak leads the fiducial point by about 1◦ , giving an aberration/retardation height of some 140 km. As argued in Section 4, the narrowness and polarisation of the MP is strong
evidence that this component is primarily core emission.
However, two zones of secondary mode emission revealed
by mode separation have a double profile form that has the
dimensions of an outer conal radiation beam, in keeping with
the rapid rise in the height of the null line at pulse longitudes away from the fiducial plane. Thus while the polar cap
defined by the last closed fieldlines is still roughly circular,
the observed emission it generates is a hybrid of both core
and conal.
In contrast, the region which we are viewing at the IP
will be at a greater altitude and of opposite net charge sign
to the MP. The relatively large βIP implied by equation (1)
means that we are likely viewing inner cone emission at a
height between 100 and 140 km. We cannot assume that
core emission is simultaneously present at both poles since
from our viewing angle it would not be detected. However,
given the weak X-ray emission associated with the IP, its
radiation is probably conal.
The location of the PC emission remains a conundrum.
Since it follows the MP after only 30-40◦ and is connected

to it by an emission bridge it might be reasonable to assume
that its emission lies on fieldlines connected to the polar
cap. If so, Basu et al. (2015) estimate that they are placed
at 6,400 km. However, if the emission is linked to appropriate inner cone fieldlines the height must be much greater.
Curiously, the PC itself appears to have a two or threecomponent structure, with the component furthest from the
MP becoming stronger at higher frequencies, giving the impression that the PC “moves” away from the MP with increasing frequency.
It was pointed out by Dyks et al. (2009) that as the observer’s sightline passes directly over the polar cap there is a
caustic longitude beyond which no fieldlines can be detected.
Prior to this longitude, every fieldline across the polar cap
(s < 1) will in principle be seen twice by the observer (at
two different heights and at two different longitudes). The
caustic longitude is about 16◦ after the fiducial point, but
the calculation is made assuming the observer at β = 0◦ and
that all emission is close to the surface so that sin θ ≈ θ. It
is not impossible that with the more complex geometry of
higher altitudes and positive β that the caustic longitude
may be nearer 40◦ .
In the Q-mode, and during its evolution from the Bmode, the observing geometry clearly remains unchanged
and we see again all three components of the B-mode, but
at greatly reduced intensity. However the MP profile is somewhat broader and exhibits an unresolved double form. Modelling it with the geometry of Paper VI (Rankin 1993a,b)
identifies it as an inner cone with the usual characteristic
emission height of about 120 km. Thus it appears that the
Q-mode is equivalent to the B-mode which gradually, in a
flickering manner, loses its dominating core emission.
An intriguing aspect of the Q-mode is the clear appearance of weak emission at a longitude of about 90◦ which we
were able to clearly identify in the long Q-mode sequences
at both frequencies.2 This emission must occur at high altitudes, but its geometry is intriguing since to be so far from
the MP it must be from upward moving particles on a fieldline close to the light cylinder turning strongly away from the
MP. Strong aberration and retardation will shift its appearance to an earlier longitude. It is possible that this emission
could be on the same fieldlines as the PC.
A puzzling feature of the X-ray results is that the peak
of pulsed B-mode emission does not directly coincide with
the radio MP but is shifted about 90◦ later. The paper interprets this as a combination of two thermal sources located
at the pole. However, we would suggest that only one of
the sources is polar heating, the other being non-thermal X
radiation coming from the same magnetosphere location as
the weak emission found in the Q-mode between PC and IP,
quite possible an outer gap and suggest a physical connection.

2

A possible hint of this emission is also possibly present in the
B-mode observation of Rathnasree & Rankin (1995); however, we
see nothing comparable in any of our much more sensitive B-mode
sequences.
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Figure 26. Left: the position of the null surfaces in the fiducial plane of a highly-inclined pulsar, assuming a dipolar field. Note small θ,
so that one null surface intersects the last closed fieldline close to the star. Right: null surfaces in the poloidal plane of the dipole with
α ≈ 90◦ . Note that the null line intersections are now at a significant proportion of the light cylinder radius

9.2

Magnetospheric Interconnection

In any pulsar with multiple components the presence of both
short nulling and regular burst cycles presents us with the
opportunity to measure the degree of connectivity within
the magnetosphere. The near-synchronicity between nulls
in the MP and PC is strong evidence that these two regions
are linked on the same fieldline bundle. This is further reinforced by the surprising discovery that the PC has not only
the same burst periodicity as the MP, but that the two regions of the PC are not in phase. This is reminiscent of drifting subpulses—features only found in conal emission—and
suggests that the PC’s modulation is driven by and linked
to the inner cone of the MP. This would then explain why
the PC survives into the Q mode, despite the disappearance
of the core section of the MP.

9.3

The Implications of Emission Cycles and
Mode Changes

Throughout our observations of the B-mode at all frequencies, an emission cycle with a period of about 5-6 rotation
periods was recorded in the MP and is clearly seen in Figure 13. There are three features which distinguish it from
simple periodicity with a regular pattern found in the conal
emission of other pulsars. (a) the periodicity is not fixed,
(b) its emission has a burst-like character, and (c) it involves the pulsar core emission. (a) and (b) were first noted
by Romani et al. in 1990 and showed that, while not periodic, the emission held some memory such that weak pulses
tended to be followed by strong ones. We now know that
nulls punctuate the bursts—but not every burst (or else the
null fraction would be near 20%). This implies nulls are intrinsically shorter than one pulsar rotation.
If we were to assume that the burst timescale reflects
the rotation of a classic carousel (Ruderman & Sutherland
1975)) then the time scale derived for B0823+26 would be
20 P , so to yield the observed 5-6 P of the bursts we would
have to assume about 4 sparks on the polar cap. Further,
both the bright and weak modes show a periodicity of about

16-17 P [or about 3 times 5.5 P in the bright mode]. In
itself this is not unreasonable, and it is supported by the
fact that the presumed inner cone surrounding the core does
indeed exhibit differing phases as might be expected from
a carousel. Furthermore, the presumed linked PC also has
phase-dependent emission at the same modulation period
as the MP. The modulation timescale is also found in the
IP emission, which we have argued is inner cone emission.
Against it is the fact that perpendicularly rotating pulsars
do not usually have drifting pulses, though there are several
which have identical modulations at both poles.
The strongest argument against carousel action in
B0823+26 is the very obvious fact that the core emission,
identified as such by its polarization characteristics and its
geometric position in the PPA traverse, shares (indeed possibly drives—or is driven by) the burst-like periodicity. This
feature is unknown (or unrecognized) in any other pulsar of
any alignment. Nulls, which we find are fundamentally part
of the burst cycle, occur in both the core and inner ring regions of the polar cap (and also in the PC) and cannot be
regarded as pseudo-nulls caused by gaps between the sparks
of the carousel. Clearly we are looking at a self-regulating
system which goes beyond E × B drift.
The key role of the core emission goes beyond its fluctuations within the B-mode bursts. It would seem from our
long observations of the Q mode that its absence is a defining
quality of this mode. The integrated profiles built from the
occasional strong pulses have the broader structure of an inner cone. Yet in the observed gradual transition from bright
to quiescent, we see a flickering reduction of emission in all
components—and not a relative weakening of the core. This
is reflected in the X-ray record found after the brief appearance of the burst-like interval during the Q mode (Hermsen
et al. 2018), which sees a gradual fading in intensity during and beyond the weakening of bright emission. Since the
X-rays are thermal in character this strongly associates the
core emission with a heating process.
Unfortunately, no B-mode onset was observed in our
Arecibo runs (nor recorded in the X-ray study), but Sobel
et al. have noted that immediately prior to the B onset the
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Figure 27. P -Ṗ diagram showing the transition between 2-D
and 3-D polar cap configurations. Notice that pulsars B0823+26
and B0943+10 both fall near this transition line—whereas pulsar
B1822–09 falls well to the left of it. The magnitudes of surface
magnetic field and spindown energy are also shown.

Q emission appears to null for several minutes. This adds
to the self-similarity between the short-term bursts and the
Q-mode sequences, a point noted by Hermsen et al. (2018),
although of course the X-ray detection rate could not resolve the 5-period bursts. In the latter paper an external
agent—accretion of external media—as a source or heating
was proposed, but in the next section we consider a possible
intrinsic source. If the emission of B0823+26 can be understood it could have a much wider application since many pulsars exhibit sporadic bright emission either in single pulses
or bright sequences followed by lengthy nulls (e.g., , Gajjar
et al. 2017).
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POSSIBLE EMISSION PHYSICS

The principal and exciting result of Hermsen et al. (2018)
was that the X-ray emission of B0823+26 switched in tandem with the radio mode, and that the X-ray emission
seemed largely thermal. This meant that the mode switch
could be characterized by a dramatic change in the polar
cap temperature. In this paper we have demonstrated that
the radio mode change can equally well be seen as a turning
on and off of core emission. It follows that the presence of
core emission in a pulsar is an indicator of surface heating.
In a 2015 paper Timokhin & Harding argued that pulsars generate the electron-positron plasma needed for the
emission in one of two pair-formation-front (PFF) configurations. For the younger, energetic part of the pulsar population, pairs are created just above the polar cap in a
uniform (1-D) gap potential that produces copious backflow heating and thermal X-rays—thus a 2-D PFF; whereas
for older pulsars the pair-formation front extends to larger

heights along the conducting walls of the polar flux tube
and becomes three-dimensional (cup shaped) with a 2-D
gap potential and greatly reduced backflow heating. Curvature radiation (CR) generates the pair plasma in both
cases, dominating the inverse-Compton process. An approximate boundary line between the flat and cup-shaped
pair-formation geometries—and thus pulsar populations—
is plotted on the P -Ṗ diagram of Figure 27, so that the
energetic pulsars are to the top left and the slow ones at
the bottom right. Its dependence is Ṗ = 4.29×10−29 ρP 9/4 ,
where the fieldline curvature ρ = 9.2×107 P 1/2 , overall giving Ṗ = 3.95×10−15 P 11/4 .
We emphasize, however, that pulsars with dominant
core emission uniformly lie in the upper left part of the P Ṗ diagram to the left of the boundary line, whereas those
without dominant core emission lie on the lower right of the
line. This boundary line seemingly divides the pulsar population between the younger stars whose radiation is core
dominated and those older pulsars whose emission is mainly
conal. In particular, B0823+26 itself lies close to the left of
the boundary.
This division is fundamental to the core/double-cone
beam model of ET VI, where the several types of radio pulsar profile classes are defined. Pulsars with conal single (Sd ),
double (D) and five-component (M) profiles fall below the
boundary lines to the right, whereas those with core-single
(St ) profiles are found to the upper left of the boundary.
Those with triple (T) profiles are found on both sides of
the boundary, but divide roughly into core-dominated and
conal dominated groups, which are delineated by the boundary line. In the parlance of ET VI, the division corresponds
to an acceleration potential parameter B12 /P 2 of about 2.5,
which in turn represents and energy loss Ė of 1032.5 ergs/s.
B0823+26 falls just above these values with a B1 2/P 2 value
of 3.44 and a log10 Ė of 32.66. This delineation also squares
well with Weltevrede & Johnston’s (2008) observation that
high energy pulsars have distinct properties and Basu et
al. ’s (2016) demonstration that conal drifting occurs only
for pulsars with Ė less than about 1032 ergs/s.
We therefore propose a scenario in which the bright
and quiet modes of B0823+26 represent largely different
polar cap configurations, the former with a flat (2-D) pairformation front, and the latter with a 3-D cup-shaped one.
B0823+26 (denoted by the red star in Figure 27) nearly
straddles the boundary and may barely have a flat PFF—
or perhaps has something of a hybrid. In the bright mode
its PFF is flat and energetic enough to generate the plasma
associated both with core emission and backflow heating—
and thus thermal X-rays, whereas in its quiet mode the 3-D
front does neither.3 This distinction is beautifully drawn by
the radio/X-ray results (Hermsen et al. 2018) where thermal X-rays were strongly emitted during the B mode and
largely disappear in Q mode intervals.
The two different polar cap configurations may fundamentally underly the distinction between core and conal
emission. That the RF emission stems from turbulence produced by the two-stream instability of plasma “clouds” is

3

If so, this provides a further reason for the lack of IP X-ray flux
in B0823+26: the IP profile appears to be entirely conal, and thus
its 3-D BFF produces weak plasma and little backflow heating.
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largely accepted, and recent evidence points to its origin in
highly non-linear charged solitons (e.g., , Mitra & Rankin
2018; Lakoba et al. 2018) radiating in dense plasma regions
at frequencies lower than the plasma frequency. These emitting entities may well be produced under different conditions
by the more energetic and axial flat PFF and the 3-D cupshaped configuration wherein fieldline curvature and edge
effects are maximized.
This scenario begins to account for the differences between B0823+26’s bright and weak modes in its main pulse
region, but it gives little insight about how or why the B and
Q modes start and stop. One question is the cooling time
of the polar cap surface. Apparently, the core-dominated
B mode maintains a hot surface through sufficient plasma
backflow. Given that the heated portion of the polar cap is a
small (radius 20-30 m?) relative to its 170 m diameter, just
where is this “spot” and is its position fixed? Is the heating
correlated with the corrugations in B-mode intensity? Does
the manner of transition we see in Figure 20 suggest that the
cooling time may be around a minute—such that the coredominated B mode dies away here as the surface cools and
the pair-plasma generation ceases with it? Clearly, B-mode
apparitions sometimes fail, and the “flare” during the long
Q mode (Hermsen et al. 2018: fig. 2) seems to die away on a
similar time scale. Interesting also here is the absence of the
conal emission we otherwise see in the Q mode, suggesting
that the polar cap stays flat despite the declining plasma
generation.
These circumstances provide an opportunity to speculate about how the plasma-generation configurations of the
polar cap give rise to the radio emission we observe from
higher altitudes. Plasma generation above a flat PFF would
seem to be centered along the magnetic axis, whereas in the
3-D PFF it would be more peripheral. However, the heated
polar cap “spot” seems to be quite small, so that the coreassociated plasma may reflect a more spacially confined current pattern. In any case, the conal emission is more peripheral, possibly subject to localized “spark” discharges and to
E × B drift.
What physically is then responsible for the roughly 5-P
B-mode cycle. Does the evidence point to a cycle that goes
from short null to short null (such that 80% are too brief to
observe)? And if so, are we seeing a run-away CR plasma
generation that is quenched in some manner? The time scale
here would be 1-2 s, which is perhaps a very long time for
effects in the polar cap “gap” region.

What is clear is that emission regions associated with
all three profile components are participating in the 5-P cycle. We have found significant correlations between the MP,
PC and IP regions. Correlated emission between these regions suggests plasma flow between them, as does the weak
Q-mode radio emission at +90◦ longitude. Given the proximity of the null surfaces, it is possible that plasma is being
generated in this area as well as above the polar cap.
While this +90◦ Q-mode radio emission is novel and
remarkable, equally so is that we see nothing of it in the
Bright mode. Could it be that in the B mode the plasma
flows are far more energetic and capable of generating nonthermal X-rays? The trailing position of the X-ray emission
relative to the MP (Hermsen et al. 2018; fig. 7) is very difficult to understand and would be more natural if the later

X-ray emission was not thermal and emitted in this unusual
region.
Indeed, B0823+26’s X-ray profile in the above fig. 7
appears (using radio terminology) to have an “unresolved”
double form with quite different spectral properties (see fig.
8). The earlier harder part of the emission aligns closely with
the radio MP, whereas the later softer “component” lags
both the MP and PC so far as to perhaps have a separate
origin.
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CONCLUSIONS AND QUESTIONS

Our study confirms earlier analyses by Rankin & Rathnasree
(1995), Young et al. (2002) and Sobey et al. (2012) while
extending these results in important ways. While it could
hardly be doubted that B0823+26 is a near orthogonal rotator, we are able to strengthen this conclusion from several
directions. We find that the 5-P modulation involves MP,
PC and IP in the bright mode and that a longer periodicity
is found in the quiet mode. In the B mode, the 5-P cycle
is delimited by nulls or weak pulses in between which MP
core emission flares and then subsides. Simultaneously, the
weaker 5-P conal emission of the MP shows a structure similar to a rotation carousel beam system, which may imply
a longer, perhaps 17-P cycle as is seen in the weak mode.
Completely new is the weak but consistent +90◦ features in
the quiescent mode.
Fortunately, B0823+26 shows a PPA traverse that can
be tracked over much of its rotation curve and well fitted by
the rotating-vector model. This shows that its geometry is
very closely an orthogonal rotator with α close to 90◦ and β
some 3◦ for the MP and perhaps 5◦ for the IP. Moreover, in
this configuration the null surfaces interact with the polar
flux tube at relatively low altitude, such that an “outer gap”
accelerator may be active as a source of non-thermal X-rays
in the B mode and perhaps RF emission in the Q.
Pulsar B0823+26 is a strong pulsar with extended intervals of bright and weak behaviour that permit a considerable
level of physical understanding. That the core-dominated
bright mode is associated with a hot polar cap sustained by
backflow heating cannot be doubted. However, this behavior seems supplemental to the conal dominated quiet mode
wherein the surface temperatures are too low to generate
detectable X-rays.
Emission in the IP seems to be entirely conal, which
probably explains why this second polar cap is cooler and
thus not a significant source of thermal X-rays.
Quiet mode emission would seem to be stable if uninterrupted by the B mode, but if Sobey et al. are correct, it too
fails for a time before B-mode onsets. How or why? What
then prompts the B mode to start and fail? Once started
it seems to persist for hours or days. Does the observed die
down above reflect the timescale for polarcap cooling?
Finally, the possible changing circumstances between
B0823+26’s bright and quiet modes may begin to explain
our earlier results of radio/X-ray campaigns on pulsars
B0943+10 (Hermsen et al. 2013; Mereghetti et al. 2016)
and B1822–09 (Hermsen et al. 2017). As we have seen in
Figure 27, pulsar B0823+26 falls very close to the 2-D/3D pair-formation front boundary; however, so does pulsar
B0943+10. It is possible that this pulsar’s radio “quiet” (Q)
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mode is actually brighter than its “bright” (B) mode, but
that we miss this strong radio emission because of the very
peripheral sightline we have though its main pulse. In its
highly organized B mode, we view its radiation on the conal
periphery; however, if the “quiet” mode is mostly core radiation, our sightline would mostly miss its central beam.
Interesting also is pulsar B1822–09 which Figure 27 shows
is well into the flat PFF, core-dominated region; therefore
perhaps its changes in pulse modulation represent no change
in the “flat” PFF configuration, and thus do not change the
backflow heating and consequent X-ray flux. One other pulsar, B0329+54 (not shown—and too distant to be detectable
in X-rays) also lies close to the boundary and exhibits mode
changes in something of the manner of B0823+26; whereas
pulsar B1944+17 (also not shown) lies far from the boundary in the 3-D PFF region and emits no detectable X-rays.4
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4

Nearby pulsar B1133+16 has also recently been detected in Xrays. Thought it has a classic conal double profile, its B12 /P 2
of 1.5 falls just below the boundary, and weak core emission has
been identified in its single pulses (Young & Rankin 2012).
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Figure A1. Longitude-longitude correlation displays in total power for the MJD 57915 observation. The panels show delays from 0 to
5 top to bottom left column then top to bottom right, and each gives the negative (positive) delay correlations in the upper-left (lower
right) portions of the display. The MP-PC region runs from –20 to +50◦ , and (there 20◦ of longitude is removed to show) the IP is
centered at +70◦ . Positive/negative lags are plotted below/above the diagonal and the former show stronger MP-PC correlation. Similar
but much weaker correlations can be seen with the IP.
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Figure A2. Longitude-longitude correlation displays of the two-way segregated primary (X) and secondary (O) polarization modes for
the MJD 57915 observation. The MP-PC region runs from –20 to +50◦ . The panels show delays from 0 to 5 from top to bottom left
column then top to bottom right, and each gives the negative (positive) delay correlations in the upper-left (lower right) portions of the
display. The MP-PC region runs from –20 to +50◦ , and the positive lags show stronger MP-PC correlation.
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